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Tills  semi-annual  technical  report  summarizes  work 
performed  by  personnel  of  the  U.  S.  Naval  Research  Labora¬ 
tory,  Washington,  D.C.  20375,  under  ARPA  Order  2031.  The 
program  was  coordinated  by  Mr.  R.  Rice  and  Dr.  P.  Becher 
and  monitored  by  Dr.  C.  M.  Stickley  of  ARPA.  The  report 
covers  the  period  1  July  1973  through  31  December  1973. 

This  reports  consists  primarily  of  the  NRL  papers 
presented  at  the  Third  Annual  High  Power  Infrared  Laser 
Window  Materials  Conference  in  November  1973  at  Hyannis, 
Mass.  Some  of  this  information  thus  overlaps  with  the 
previous  report.  Th,is  is  supplemented  with  recent  mater¬ 
ial  on  mechanical  behavior.  The  list  of  publications  and 
presentations  at  the  beginning  of  the  report  illustrate 
several  of  the  major  results  of  this  program. 
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1.0  INTRODUCTION  AND  "TMMARY 


The  goal  of  this  pi'v^gram  is  to  reduce  the  absorption, 
and  ixnprove  the  mechanical  properties,  of  alkali  halides 
for  laser  window  use.  Very  low  absorption  has  resulted 
from  ia^roved  crystal  growth  and  finishing  of  KCl.  The 
mechanisms  of  absorption  cure  being  studied  both  theoretic¬ 
ally  and  exper'mentally  as  a  guide  to  further  reducing 
alasorption.  \.„ch  I«::l  as  a  model  material,  higher  yield 
strengths  and  fracture  toughness  have  been  achieved  by 
forging  crystals  to  obtain  fine  grained  polycrystalline 
bodies  supplemented  by  alloying  or  irradiation. 

During  this  reporting  period,  a  n\airiber  of  iit^ortant 
results  in  infrared  absorption  have  been  achieved: 

1.  Nearly  intrinsic  bulk  absorption  has  been  found  at 
10.6pm  in  chemically  polished  KCl  crystals  which  were 
grown  in  a  reactive  atmosphere. 

2.  Intrinsic  and  extrinsic  absorption  in  KCl  has  been 
distinguished  by  studies  of  its  temperature  dependence. 

3.  A  9.8pm  surface  impurity  band  in  KCl  has  been  detected 
by  laser  calorimetry. 

4.  Frequency  and  ten^jerature  dependence  of  absorption  at 
wavelengths  <10. 6pm  has  been  studied  with  the  spectral 
emittance  studies  at  NELC. 

Studies  of  mechanical  properties  of  KCl  have  shown 

that: 

1.  Polycrystalline  yield  strengths  have  been  raised  as 
high  as  7500  psi  in  forgings  of  KCl-SrCl2  crystals  in 
which  20  ppma  of  strontium  was  incorporated  during  RAP 
Bridgman  crystal  growth. 

2.  Fracture  energy  increases  with  yield  stress;  values 
up  to  3  J/m^  are  obtained  by  a  combination  of  alloying 
and  press  forging. 

3.  Residual  forging  strains  "ran  be  retained  in  alloyed 
forgings  and  affect  strength,  but  these  can  be  removed 
by  cinnealing,  leaving  yield  strengths  of  ~6000  psi. 


4.  Aanealing  of  alloyed  forgings  is  possible  because  of 
their  enhaiK.ed  microstructural  stability  (e.g.,  limited 
or  grain  growth  with  anneals  up  to  450 °C)  . 

Work  will  continue  toward  our  goals,  reducing 
absorption  and  inproving  mechanical  properties,  by  deter¬ 
mining  the  mechanisms  involved.  Because  of  the  success 
in  growth  of  very  low  loss  SrCl2  alloyed  KCl,  the  need 
for  using  less  hygroscopic  BaCl2  alloying  is  being  re¬ 
evaluated.  Growth-purification  mechanisms  and  alloy 
content-fcrging-annealing  interactions  will  be  further 
refined  for  optimim  mechanical  and  optical  behavior.  The 
mechanisms  of  crack  grovTth  and  the  inportance  of  fracture 
energy  in  controlling  window  failure  will  be  further 
evaluated,  including  additional  laser  testing.  Because 
of  the  microstructxiral  stability  achieved  by  annealing 
and  alloying,  long-term  tests  of  stability  will  be  limited 
Absorption  studies,  including  inproved  calorimetry  and 
G®ittance  techniques  for  low  loss  materials  will  conpare 
theory  and  experimental  data  over  a  wide  range  of  wave¬ 
lengths.  Increased  attention  will  be  given  to  absorption 
in  strengthened  materials  as  a  function  of  length,  fre¬ 
quency,  and  tenpeiature,  with  some  enphasis  in  the 
3-5pm  region. 
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FcrtfisiEr  sfciresscSiaesninQ  of  gsolyciystaHine  3311  l>eyona  =*4500  psi 
■fay  tefnccing  (garaiia  =r’''*Tiff:B-;aTi*!--Tia'^'!ly  faelow  5ian  is  not:  practical . 

Siince  tfae  sics^le  cgystal  yield  stress  of  3211  increased  =4lireefold 
witfa  t'hp*  ^adrrTtr-Sa  .ni  ctff  offsly  20  ?y»nv?i  Sr^^-doped  3311  "was  selected 

as  a  mociel  Sar  press  fonged  (di^eilent  alloys.  Yield  strengths  as 
fai^  as  7500  psi  'were  acdiiefied  ira  the  resnltant  p« 
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KCl-<25  ppnte  Sr  fassdres.  ICfce 


solution  strengthening 
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acdtierod  in  Sr'^'^  cSrTgecl  pin»iyg-Ty=a-a1 1  iTH»  5Ci  yras  acccmparued  fay  strain 
>T>»'i-r3g»rTi-?  ncg  effects  aryfl  «as  ffran*:  altered  fay  forging  and  annealing 
^‘-^=nTlp^»^r^^T?Tnp»^  -  Fertfeerannire.  Sr"^”^  add-jj-timm*;  retarded  recnj^stallxza- 
f-Tinry  r'R'»‘r  fergiiBg,  as  «eH  as  reoorary  and  gradn  grwth  during 
annealing  (e.g.,  felly  iT*wr-Tr^7»:*-a1 1  i  T^d  microstractares  were  st^le 
wJten  amealed  at  450*C*. 

T!fee  fracture  eanergy  of  ICl  crystals  Co_2  Snproved  with 

TTtrTTpagirag  yield  stress  Jii^a-Smeid  fay  either  Sr"^^  additions  or  y— 

irradiatioB  S  1  _  Polycrystal  line  forgings  had  fractare 

2 

>2  m  —tenfold  greater  than  their  parent  crystals.. 

Tbe  low  infrared  agw'.if^T'g^i*  -irw*  adrievtd  in  Sr'^^  dcped  and  pare  3211 

«.i'ti*»a;e<iy<»T»Ti<t-  pracre  ?S’A  forgings  farther  accentuated  the 
wh-iifh  fgTw  he  adhierad  in  the  alkali  halides. 
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1.  ISTRCKJIJCnQIS 


Previously,  Bediei.  Rice  (1972  showed  Uiat  polycrystalline 
KCl  fbmed  press  forging  single  crystals  has  significantly  to 
twenty— fold}  greater  yield  strength  tlwm  the  starting  crystals.  The 
Fetch  type  grain  size  dependence  of  yield  stress  confirms  strengthen— 
tug  is  hy  grain  iDondary  resistarce  to  slip,  hut  yield  strenorths  are 
United  to  =50CO  psi  Isecanse  of  practical  difficulties  in  prodecii^ 
9^^tn  sizes  noch  less  than  Scar.  Since  higher  yield  strengths  axe 
di-isiiahle,  additional  strengthening  ne<dianiscss  were  sous^t.  Divalent 
so’id  solution  alloying,  with  Sr"*"^  as  a  aodel,  was  selected  since 
fhin  et  al  (1973)  found  very  l  Editions  give  snhstantiaLl 
strengthening.  The  study  was  also  stimolated  by  tsae  fact  that  the 
Sr"*^^  doped  RCl  crystals  grown  in  the  SRL  prograss  had  extreaely  low 
absorption  coefficients  (Klein,  1973'  .  This  paper  discusses  the 
influence  of  Sr^2  yield  of  and  fracture  energy  of  single  crystal 
and  polycrystalline  KCl,  as  well  as  cm  the  forging  heavier  of  SCI. 

2.  EXPERneBEhL 

The  e^q>erinental  techniques  and  zBterials  are  fully  described 
in  previous  reports  (Becher  and  Preinan  (1972',  Becfcer  and  Rice 
(1972  and  1973c))  and  thus  are  cnly  briefly'  covered  here.  The  Sr'^^ 
doped  crystals  ooosisted  of  three  <lOO>  A  cm^stals  (l  - 
Czochxalski  growths  in  argcm  using  crushed  KCl  stoc^  which  was 
zone-refined  in  chlorine  atao^here,  and  six  <ill>  B  crystals 
(2.5  cs  diaaeter  x  3  ca  hi^)-  Bridgesaan  grown  in  Ar-CCl«.  B  and 
A  crrystals  eadiibited  total  uncorrected  absorption  coefficrients  of 
<3x10  cat  and  ^1x10  ^ca~-*',  reflectively.  Strontias  cont.'rents  of 
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the  as  qzcwn  B  crystals  were  laeasured*  auid  found  to  be  “1/3  oi 
the  TTWimit.  added  to  the  BridgesiQn  charge.  The  size  limitation  of 
the  A  crystals  preclitded  aialysis  so  only  as  added  contents  are 
reported,  hut  a  similar  ratio  of  as-grown  to  as-added  strontium 
content  might  he  expect -id. 

Test  ^tecimens  '^ere  shaped  by  cleaving  or  cutting  (alumina 
grit,  rubber  bonded  cut  off  idieel,  isopropanol  coolant),  followed 
by  water  polishing  on  cloth;  then  a  polish  in  a  flowing  water  bath 
and  an  ethanol  rinse,  and  drying  in  vara  air.  Mechanical  tests  at 
23*C,  ‘=50^  BH  consisted  of  3  point  bend  tests  at  a  tensile  surface 
strain  rate  of  5xlO~^s~^  for  yield  strength  {proportional  limit) 
determination  and  a  laodilied  double  cantilever  beam  test  (Freiroan 
et  al  (1972))  for  fr  acture  energy  studies.  Specimen  treatments  also 
included  <v>nealiDg  at  various  terperatures  (50®  to  450®c)  for  3/2  h 
in  an  extemaldy  heated  99.9^  alumina  tub’;  with  a  flowing  argon 
atiBosphiere.  The  effects  of  annealing  on  yield  strength  were  con¬ 
ducted  with  as  grwn  cr3»stals,  as  forged  bodies  and  crystals  which 
were  n*.estrained  in  hending  to  0.25^  tensile  surface  plastic  strain. 

The  annealed  prestrained  crystals  were  subsequently  tested  keeping 
the  tensile  surface  and  area  of  max  imam  strain  the  same  as  that  in 
the  prestrainicg  procedure. 

Press  forging  was  conducted  at  a  fixed  crosshead  speed 
(initial  e  =  5xlO~^m~^),  generally  with  copper  constraining  sleeves. 

A  silicone  fluid  was  used  to  lubricate  the  end  and  sleeve  faces. 

The  Sr*^  doped  KCl  crystals  %?ere  forged  in  the  temperature  range 
of  175*C  to  3€)0*(1  while  flushing  the  forging  chamber  with  helium. 

spectroscopy  and  atonic  absorption  analyses  kindly  performed 
at  the  Baval  Seseauoch  laboratory  by  Mr.  J.  G.  Allard  and  Dr.  P.  E.  R. 
Hordqnist,  respectively. 
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“'ISoraal*  crystal  fiorgings  were  deforroed  to  a  desired  height  reduc¬ 
tion  at  100®  to  260®C,  tfeen  ejected  into  an  annealing  furnace  and 
held  for  1^2  Isr.  at  125®C,  followed  by  cooling  to  21  ®C  in  1/2  hr. 
These  are  distingmisihed  from  "bigh  tengperature-slow  cooled"  forgings 
(200  ppna  Sr+2  ^  ^20  ppma  Sr*^  B  crystals  which  were  forged 

at  >280®C  and  cooled  directly  to  23®C  in  1-1/2  to  2  hrs. 

3.  RESUKTS 

Tlbe  inflnemtce  of  on  the  press  forging  behavior  anc  the 

resjltant  mdcrostriEctnre  of  5321  are  presented,  followed  by  the 
rocm  tenperatnre  yield  behavior  of  (l)  KCl  crystals  which  were 
solid  solntiom  hardened  Iby  Sr+2  and  {2)  polycrystalline  KCl-SrClj. 
Finally,  fractnre  energy  e3g>eriroents  wj’-h  l«:l  crystals  and  forgings 
are  discnssed. 

3.1  Press  Forging 

The  deformation  behavior  of  pare  and  alloyed  crystals  to 
prodnce  crack- free  forgings  at  essentially  a  constant  forging 
ten^jeratare  (200®  ±  15*0)  is  shown  in  Fig.  1.  Comparison  illus¬ 
trates  that  strontiomi  ion  additions  raise  the  observed  yield 
stress  of  ancons  trained  forgings  where  the  forging  stress  is  uni¬ 
axial  and  increases  the  strain  hardening  rate  during  constrained 
(biaxial  stress  state’ll  forging  (Fig.  1) .  The  stress-strain 
behavior  of  constrained  forgings  is  dominated  by  flow  of  the 
copper  sleeve,  thas  only  the  yield  of  unconstrained  forgings 
eiiiibit  the  effects  of  Sr"*"^  additions.  The  copper  constraining 
sleeve  results  in  biaxiaLl  (axial  and  r:jdiall  forging  stresses 
which  by  proaaotmg  raoltiple  slip  would  enhance  the  strain  harden¬ 
ing  effects  of  Sr‘*‘“  additions. 


Forgings  of  KCl-1000  ppma  SrCl2  A  crystals  clearly  exhibit 
an  increase  in  recrystallization  temperature  such  that  forging  at 
175®C  results  in  a  partially  recrystallized  structure.  Fig.  2A. 

Note  that  fine  grains  developed  in  bands  which  intersect  and  sur¬ 
round  large  areas  of  ill-  or  undefined  micro structur c; .  These  bands 
correspond  to  the  expected  <110>  slip  bands  and  suggest  that  grains 
nucleate  within  these  slip  bands,  particularly  at  their  intersec¬ 
tions.  Increasing  the  forging  temperature  results  in  more  homoge¬ 
nous  recrystallization,  so  that  in  the  range  of  225“  to  260“C,  a 
fully  recr'/stallized  structure  occurs  {Fig.  2b)  .  This  differs  from 
pure  KCl,  which  can  recrystaMze  at  125“C  under  comparable  forging 
conditions  (Becher  and  Rice  (1972  and  1973b)). 

The  forging  temperatures  of  the  low  Sr+2  content  (<20  ppma'  B 
crystals  were  kept  at  200“  to  225“C  to  eliminate  cracking  and  all 
were  fully  recrystallized.  Fig.  2C.  Thus,  any  changes  in  recrystal¬ 
lization  temperature  with  these  smaller  strontium  additions  to  B 
crystals  are  felt  to  occur  at  temperatures  below  200 “C. 

3.2  Yield  Behavior 

3.2.1  SI1J3LE  CRYSTALS 

The  A  cirystals  with  200,  1000  and  5000  ppma  SrCl2  additions 
have  resolved  shear  stresses  of  640,  395,  and  1050  psi,  respectively. 
This  inconsistent  increase  in  strength  with  alloy  additions  to  A 
crystals  contrasts  with  the  uniform  increase  observed  in  B  crystals 
and  may  reflect  large  changes  in  strontium  content  with  the  crystal 
length,  by  Sr'*'^  rejection  during  grov’th  of  these  smaller  A  crystals. 
The  yield  stress  of  B  crystals  follows  a  1/2  power  dependence  of  the 
actual  strontium  content.  Fig.  3,  consistent  with  previous  studies 
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by  Chin  et  al  (1973)  and  Sibley  et  al  (1973).  During  room  tempera¬ 
ture  plastic  flow,  strain  hardening  rates  wore  also  greater  in  Sr"*"^ 
doped  crystals. 

Annealing  studies  of  as-grown  crystals.  Fig.  4a,  show  that 
the  yield  stress  of  A  crystals  with  5000  ppcaa  Sr"*"^  additions  goes 
through  a  rainiiwmn  in  the  range  of  250 “C  to  400®C.  This  softening, 
also  noted  by  Chin  et  aa  (1973),  is  associated  with  precir  itation, 
as  indicated  by  the  clouding  of  saizples  annealed  at  350‘’C.  The 
gradual  drop  in  strength  for  B  crystals  annealed  above  30O“C  indi¬ 
cates  that  softening  »ay  also  have  been  initiated.  The  prestrain 
studies,  Figo  4b,  illustrate  that  with  increase  in  strontium  content, 
the  tet^erature  is  xaLised  at  which  the  prestrain  hardening  effects 
on  yield  strength  are  recovered  (relieved) . 

3.2.2  POlYCKYSTAIilBE  RCl 

Analysis  of  the  strengthening  achieved  in  polycrystalline  KCl 
by  divalent  cation  additions  is  based  on  the  Fetch  equation: 

Oy  =  Oo  +  kd"^'^ 

ii*ere  Dy  in  the  polycrysteOJLine  yir.  d  strength,  is  the  intercept 
value  or  lattice  resistance  to  slip  (»»  single  crystal  yield  stress) , 
k  the  slope,  and  d  the  average  grain  size.  Strengthening  by  grain 
boundary  resistance  to  slip  is  reflected  in  the  term  kd“^^^,  while 
alloying  effects  may  ^ow  ip  in  either  Oq  or  k. 

Studies  of  A  crystals  (Becher  and  Rice  (1973c))  indicate  that 
the  Fetch  slope  is  raised  for  large  strontium  additions  (ICXX)  ppma) . 
This  was  attributed  to  increased  grain  boundary  resistance  to  slip 
by  chemically  altered  boundaries  with  increased  strontium  content. 
These  preliminary  results  emphasized  that  further  work  was  needed 
to  clarify  the  situation. 
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Contpaurison  of  the  Fetch  behavior  of  doped  B  forgings  with 

pxure  forgings  illustrate  two  strengthening  effects  with  Sr"*"^  doping: 
Group  I  which  parallels  pure  KCl  emd  Group  II  with  the  higher  slope. 
Fig.  5.  Note  that  Group  I  bodies  contain  520  ppma  Sr^^  and  are 
high-ten5)erature,  slow— cooled  forgings,  while  Group  II  bodies  con¬ 
tain  <20  ppma  Sr'*’^  and  are  normal  forgings. 

As  the  difference  between  Group  I  and  II  appears  to  be  related 
to  the  forging  ten5>eratures  used,  their  yield  strength  changes  with 
annealii^  have  been  studied  to  observe  if  recovery  of  residual 
strains  occurred.  At  the  same  time,  grain  growth  teii5)eratures  (± 

50“C)  could  be  determined.  These  findings  for  Sr^^  doped  B  forgings 
are  incorporated  in  Fig.  7  and  con^ared  to  those  of  pure  KCl  forgings. 
The  inqporteint  features  are  emphasized  here.  First,  high  temperature 
Sr^^  doped  forgings  (Giroup  l)  erdiibit  no  yield  stress  loss  and  no 
grain  growth  after  aimealing  at  up  to  450®C.  Second,  normal  forgings 
(Group  II)  show  strength  losses  with  annealing  above  125 “C.  The 
addition  of  Sr"^^  appears  to  decrease  the  rate  of  the  strength  loss 
with  incj.eaning  temperature  compared  to  pure  KCl  forgings.  Third, 
the  annealing  temperature  required  for  grain  growth  in  normal 
forgings  increases  with  the  addition  of  Sr"*"^. 

3.3  Fracture  Toughness 

The  average  critical  fracture  energies,  under 

various  conditions  is  reported  in  Table  I,  where  Yc  was  calculated 
from  the  load  at  which  the  crack  was  first  seen  to  move  or  the 
maximum  load  on  a  chart  recorder  in  tests  where  the  crack  was  not 
being  observed  visually.  No  slow  crack  growth  was  noted  during  any 


of  the^e  tests.  In  man^  cases,  the  crack  jumoed  quickly  to  a  new 
position  at  Yq  then  arrested  until  a  greater  load  was  applied. 


Table  I 

FRACTURE  ENERGIES  OF  KCl 


-ondition 


Yj,,  J/m^ 


(loo) 

A 

O 

O 

1— 1 

V 

Single  Crystals 

-  air,  25 °C 

0.23 

M 

II 

II 

-  liq.  N2 

0.25 

II 

II 

II 

-  water,  25°C 

0.15 

M 

II 

II 

-  irradiated 
air,  25“C 

-  lO^R 

0.35 

II 

II 

II 

-  irradiated 
air,  25“C 

10®R 

1.0 

II 

II 

II 

-  doped ,  200 
air,  25‘»C 

ppma  Sr"*"^ 

0.6 

<100> 

Press 

Forged 

-  ( 6pm  grain 
air,  25®C 

size) 

0.6  -  3.4 
(Avg.  2.0) 

The  value  of  y^,  obtained  in  this  study  for  pure  KCl  single 
crystals  is  0.23  j/m^.  The  difference  between  this  value  and  that 
of  Westwood  and  Goldheim  (1963)  (o.ll  J/m")  appears  to  be  due  to 
neglect  of  beam  rotation  effects  in  their  calculations.  Single 
crystal  valuer  of  increased  by  a  factor  of  2  to  3  when  the 
thickness  of  the  samples  was  reduced  significantly.  In  samples 
less  than  »1  mm  thick,  calculations  by  Becher  and  Freiman  (197  2' 
indicate  that  the  plastic  zone  at  the  crack  tip  extends  to  the  free 
surface,  allowing  additional  elastic  energy  to  be  absorbed  in  slip, 
thereby  increasing  the  energy  that  must  be  added  to  the  sample  to 
produce  crack  propagation. 
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Preliminary  results  indicate  that  testing  :,n  liquid  Nz  has 
almost  no  effect  on  Yc*  also  appears  that  the  presence  of  water 
at  the  crack  tip  serves  to  lower  the  fracture  energy  (by  30  to 
50^)  ,  as  opposed  to  the  increased  observed  by  Westwood  and  Gold- 
heim  (1963). 

Samples  of  pure  KCl  were  irradiated  with  gamma  rays  from  a 

Co-60  source  to  total  dosages  of  10^  and  10®R.  Specimens  were  then 

prepared  and  tested  in  air  in  a  darkened  room  to  prevent  optical 

bleaching.  The  fracture  energy  of  KCl  containing  150-200  ppma  of 
+2 

Sr  was  also  measured.  The  results  presented  in  Table  I  indicate 

that  both  irradiation  and  doping  cause  an  increase  in  the  fracture 

toughness  of  KCl  single  crystals. 

The  fracture  energy  of  polycrystalline  bodies  of  press  forged 

KCl  (Table  l)  ranged  from  0.6  J/m^  to  approximately  3.4  j/m^.  The 

average  fracture  energy  of  material  having  ^6nm  grain  size  was 
2 

about  2.0  J/m  ,  nearly  an  order  of  magnitude  greater  than  that  of 
the  starting  crystals.  The  stress  conditions  in  the  polycrystalline 
KCl  probably  lay  intermediate  between  plane  stress  and  plane  strain, 
depending  on  the  yield  stress  of  the  specimen.  This  value  could 
vary  between  3000  to  5000  psi  (20.7-34.5  ^/m^)  for  these  specimens, 
giving  rise  to  a  plastic  zone  size  in  the  approximate  range  0.2  mm 
to  0.5  mm.  This  variance  could  be  one  of  the  main  factors  producing 
the  scatter  in  results.  These  thin  (0.75-1.0  mm)  polycrystalline 
samples  were  used  because  of  the  difficulty  in  obtaining  thicker 
ones  in  the  length  an.d  width;  needed  in  the  test.  No  slow  crack 
growth  was  observed  in  the  press  forged  KCl.  In  fact,  one  sample 
was  held  for  48  hrs.  at  755^  of  the  failure  load  with  no  visible 


change  in  crack  position.  It  was  seen,  however,  that  a  damage 
zone  sometimes  existed  at  the  crack  tip  during  loading.  This  zone 
appeared  to  consist  of  a  large  number  of  small  flaws  radiating  out 
from  the  primary  crack  and  could  serve  to  increase  the  energy 
necessary  to  prop  \gate  it  (Hoagland  et  al  (1972)),  Because  of 
the  easy  cleavage  if  individual  grains,  such  behavior  is  not  un¬ 
expected.  The  tendency  of  the  crack  to  veer  out  of  the  groove  during 
propagation  is  probably  also  related  to  the  existence  of  flaws  along 
the  groove  edo  is  which  can  propagate  due  to  the  bending  moment  in 
the  arms. 

4.  DISCUSSION 

The  influence  of  divalent  cation  additions  is  reflected  in  the 
crystal  forging  behavior  and  subsequent  annealing  effects,  as  ’Jell 
as  the  mechanical  strengthening  of  KCl.  These  u-e  discussed  in 
terms  of  (l)  changes  in  thermal  behavior  which  includes  recovery, 
recrystallization,  and  grain  growth,  (2)  yield  strength  increases 
and  the  mechanisms  involved,  and  (3)  fracture  ene  gy  as  affected  by 
irradiation,  as  well  as  by  alloying  of  crystals  and  by  the  intro¬ 
duction  of  grain  boundaries, 

4.1  Thermal  Behavior 

Understanding  the  forging  of  KCl,  as  well  as  the  yield  and 
fracture  behavior  of  press  forged  KCl,  requires  that  the  effects  of 
doping  on  recovery,  recrystallization  and  grain  growth  also  be 
considered.  Recovery  relieves  stored  strain  energy  by  motion  and 
annihilation  of  vacancies  and  dislocations.  Recrystallization, 
which  generally  requires  some  critical  stored  strain  level,  competes 
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wit'.i  recovery  in  the  removal  of  dislocation-associated  strain 
energy.  These  thermally  activated  processes  are  affected  by 
impurities  (clareorough  et  al  (1963));  thus,  their  behavior  in 
alloyed  KCl  is  important  in  consx-'^ring  strengthening  mechanisms. 

Recovery  by  the  rearrangement  of  dislocations  generally 
initiates  in  pure  metals  at  ‘=■1/3  the  absolute  melting  point 
(t  ).  V7ith  minor  additions  of  Sr'"^  to  KCl  crystals,  the  tenipera- 
ture  required  to  relieve  (or  recover)  residual  prestrain  effect .s 
is  raised  (i.e.,  -  0-3  for  pure  KCl  to  0.30-0.45  for  KCl- 
S20  ppma  Sr"*"^)  .  This  indicates  that  strontium  additions  inhibit 
the  rearrangement  of  dislocations  during  annealinc  ,  thus  the 
removal  of  residual  stored . strain.  Similar  effects  occur  with 
the  recrystallization  of  Sr"*"^  doped  KCl  where  the  addition  of 
1000  ppma  Sr"*"^  increases  the  temperature  for  full  recrystalliza¬ 
tion  from  0.38  for  pure  KCl  to  50.47  The  suppression  in 

recovery  and  recrystallization,  together  with  the  retardation  of 
grain  growth  with  strontium  additions  during  annealing,  suggest 
that  recrystallization  is  inhibited  by  a  decrease  of  boundary 
mobility  and  not  a  decrease  in  nucleation  by  the  presence  of 
divalent  strontium - 

In  a  dynamic  process  where  deformation,  recovery  and  recrystal¬ 
lization  occur  simultaneously,  such  as  press  forging,  it  is  expected 
that  the  forging  strains  are  not  coit?>letely  removed.  The  resultant 
residual  strains  are  exaggerated  in  doped  forgings  by  the  greater 
strain  hardening  rates,  as  v'ell  as  inhibited  recovery  and  recrystal¬ 
lization  caused  by  the  strontium  additions.  The  observed  grain 
growth  in  nomal  strontium  doped  forginas  is  felt  to  be  enhanced 
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by  this  residual  strain  as  noted  in  pure  KCl  (Becher  and  Rice 
(1972)),  The  high  temperature  doped  forgings  did  not  exhibit 
strain  relief  with  annealing,  indicating  this  is  accomplished 
during  forging.  The  lack  of  grain  grcarth  during  annealing  of 
these  latter  forgings  gave  further  support  for  the  role  of  resid¬ 
ual  strain  in  grain  growth. 

4.2  Yield  Stress 

4.2.1  SINGLE  CRYSTALS 

The  mechanical  behavior  of  the  B  single  cr\'stals  is  consis¬ 
tent  with  previous  observations  by  Chin  et  al  and  Sibley  et  al 
(l972)  in  that  the  change  in  resolved  shear  stress  is  dependent 
on  the  concentration  of  Sr'^^  to  the  1/2  pov;er  at  room  temperature. 
Assuming  the  same  behavior  holds  at  0°K,  the  tetragonal  lattice 
elastic  strain  (Ae)  resulting  from  a  defect  can  be  calculated  by 
the  model  of  Fleischer  (1962\ 

A"^  =  G/n  C^^^  =  GC^'^^  ^  , 

where  A'’^  is  the  change  in  resolved  shear  stress,  G  the  shear 

modulus,  C  the  mole  fraction  of  solute  (or  defect  ,  and  n  a  factor 

related  to  Ae .  These  computations  yield  n  =  15  and  Ae  =  0.2 

using  data  in  Fig.  3  for  B  crystals,  comparable  to  the  results  of 

Chin  et  al  (1973) .  The  value  of  n  is  almost  an  order  of  magnitude 

lower  than  that  predicted  by  Fleischer  (1962)  for  a  divacancy  and 

near  that  for  interstitials.  Therefore,  mechanisms  in  addition  to 

elastic  lattice  distortion  must  be  entering  into  the  strengthening 

of  Sr  doped  B  crystals.  The  large  increase  in  shear  stress  with 
+  2 

Sr  additions  (as  shown  by  a  low  value  of  n)  demonstrates  the 
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efficiency  of  as  a  strengthening  agent  in  the  KCi  crystal 

grown  by  the  RAP  Bridgeman  technique. 

4.2.2  POLYCRYSTALLINE  RCl 

Forgings  of  <100>  A  crystals  with  200  ppma  Sr"*"^  additions 
demonstrate  that  the  polycrystalline  yield  strength  is  increased 
over  that  cf  pure  <100>  KOI  forgings  by  solid  solution  strengthen¬ 
ing  effects  (Becher  and  Rice  (1973c) ).  The  addition  of  lOOO  pnma 
Sr"*"^  to  <100>  A  crystals  increases  as-forged  strengths  due  to 
solution  strengthening  plus  an  addition  mechanism  which  appears 
to  raise  the  Petch  slope.  The  common  <100>  forging  axis  in  pure 
KCI  and  doped  A  crystal  forgings  should  result  in  similar  textures, 
and  thus  texture  differences  cannot  explain  changes  in  the 
strengthening  behvaior.  As  ein  example,  pure  Mil  forged  along 
<111>  exhibits  a  Petch  plot  intermediate  to  and  paralleling  that 
of  <100>  KCI  forgings  and  Group  I  forgings;  at  a  lOpm  grain  size, 
<111>  KCI  forgings  are  5600  psi  stronger  than  <10O>  KCI  forgings. 
Chin  and  Mammel  (1973)  indicate  that  differences  in  texture  should 
influence  the  strength  of  hot  worked  alkali  halides,  but  these 
more  likely  chamge  the  intercept,  and  no.  the  slope,  of  the  Petch 
plot . 

part  of  the  increase  in  the  polycrystalline  yield  strength 
of  <111>  Sr"*"^  doped  B  crystal  forgings  may  be  attributed  to  dif¬ 
ferences  in  texture  over  that  of  <10C>  KCI  forgings.  The  higher 
yield  strengths  of  Group  I  <111>,  as  compared  to  <lOO>  KCI, 
forgings  are  felt  to  result  from  solid  solution  strengthening  and 
possible  differences  in  texture.  The  “lOOO  psi  yield  strength 
increase  in  the  Group  I  bodies  at  4vim  grain  size  can  result  from 


a  coa^ination  of  the  ^OO  psi  increase  in  l«:i  crystal  yield  stress 
with  strontiua  aj  diticn  and  the  5600  psi  increase  in  the  yield 
strength  of  <13L1'>  versus  <100>  KCl  forging^.  These  results  sug¬ 
gest  optunization  of  solution  strengthening,  and  any  texture 
effects  that  exist,  to  }\irther  improve  the  yield  strength  of 
polycrystalline  KCl. 

The  question  then  is  why  do  Group  II  Sr"*"^  doped  forgings  (and 
10OO  Fpata  Sr"*"^  A  forgings)  have  a  higher  Fetch  slope.  Fig.  5,  thin 
either  Grmq>  I  Sr'*'^  doped  or  pure  KCl  forgings?  Increases  in  the 
Fetch  slope  hy  chemical  (or  structural)  changes  of  the  grain 
boundaries  by  strontium  precipitation  in  Group  II  forgings  are 
likely  ruled  out  as  nr.'  precipitation  effects  were  noted  in  B 
crystals  below  300*C.  Also,  precipitation  should  be  negligible 
as  a  result  of  the  low  iitpurity  contamination  and  low  strontium 
content  in  B  crystals  which,  “-s  suggested  by  Debes  and  Frolich 
(1971),  would  deter  precipitation.  Similar  increases  in  slope 
of  Group  II  by  solid  solution  effects  on  grain  boundaries  are  not 
expected  as  the  Sr'*’^  contents  nearly  overlap  with  Group  I  (i.e.. 
Group  I  has  a  20  ppoa  lower  limit  euT.d  Group  II  an  upper  limit  of 
••15  ppraa) . 

The  major  difference  appears  to  be  the  higher  temperatures 
used  to  forge  the  Group  I  bodies  (and  the  200  jproa  Sr'*’^  A  forging). 
These  higher  forging  teaperatures  have  eJiminated  residual  strain 
effcicts  on  the  as  forged  Group  I  yield  stresses.  In  contrast, 
Groiq>  II  forgings  do  lose  strength  on  annealing  by  recovery  of 
residual  strain.  As  cospared  to  pure  KCl  forging,  the  recovery 
of  residual  strain  is  irtiibited  by  Sr"*”^  additions.  As  residual 


prestraiiss  raise  anpares*;  yield  stress  of  SCI  crystals,  tiie 
sane  effect  most  cgeelt  witfeiaa  iadividcal  grains  of  forgings,  thus 
increase  the  intercept  ealne  for  tie  Petch  plot.  If  cere  t>>en  uses 
the  yield  stress  of  prestraiaed  B  c-ystals  for  t3«  intcsrcept  value 
of  Croc^  n  forgings,  tSae  slope  or  Grcmg)  II  tlaen  approat  bes  tiat 
of  pore  and  dnop  I  doped  forgingi;.  Ibis  suggests  that  the 

strengthening  in  Gmqp  II  forgings  is  a  result  of  an  increase  in 
lattice  resistanoe  to  si  ip  by  residaal  strain  hardening  plus  solid 
solction  strengthening  of  the  grains  and  neat  an  actoal  increase 
in  the  slope,  b. 

4.3  Practare  T»>nghiiir 

The  nearly  teaafold  increase  in  fracture  toughness  produced  by 
press  forging  KCl  i*as  predicted  from  single  crystal-polycxystal 
effects  in  other  nsKterials.  'She  observed  increases  in  caaised 
by  irradiating  and  alloying  appear  to  ooDtradict  Wiederbom  et  al's 
(ISIO)  resnlts  showing  no  effect  of  irradiation  up  to  3.38x10^  R  or 
doping  with  Cn  to  700  ignt  on  the  fracture  energy  of  SaCl. 
Bowewer.  in  all  ra— b^t  one.  wiedezhorn  (1973^  noted  that  bis 

Par  the  —ii  rnliitral  pure  Wnd.  the  yield  stress  is  so  lew  (ISO 
psi.  tfadaan  (l9S4)).  that  the  plastic  zooe  size  is  larger  than 
th*»  spednen  tMchaens,  and  the  specinen  is  in  a  state  of  plane 
stress.  As  gee  izzadintes  or  dopes  XaCl  w  KCl.  its  yield  stress 
rises.  At  a  dosage  of  3atlD^  R.  the  yield  stress  of  XaCl  is  approxi 
■SKtely  500  psi^  so  that  the  plastic  zone  size  is  25  tines  saaller. 
lending  to  a  stress  state  intezaediate  between  plane  strain  and 


plane  stress.  In  netals.  sa<*  a  cbange  in  the  stress  state  vould 
be  e3q)e<rted  to  give  rise  to  a  decrease  in  the  zaeasured  fracture 
energy  because  of  plastic  zooe-spcKrinen  si^  effects  (Tetelmam 
and  McEvily  (1967)).  In  the  case  of  nost  alkali  halides,  the  roora 
td^jerature  plastic  defbmaticxi  involves  fewer  independent  slin 
systems  and  thus  not  toe  sane  general  ductility  found  in  the  cubic 
2{evertheless ,  it  is  felt  that  tht.*  increase  fn  ineasured 
fracture  energy  which  would  occur  upon  irradiation  or  doping  of 
alkali  halides  was  masked  in  Wiederhom’s  fJiin  sai^les  by  similar 
plastic  zone  effects.  Support  for  this  ^jecinen  effect  is 

indicated  by  the  increase  in  fract  je  energy  which  Viederhom  et 
al  (1970^  observed  in  one  thicker  irradiated  BaCl  specimen,  as 

the  large  Y^’s  which  were  measured  in  thin  KCl  ^tecimens 
(Becher  and  Preiman  (1972".  The  strain  fields  at  the  crack  tip 
the  thin  KCl  sai^les  are  the  same  as  that  shown  by  Niederhom 
et  al  (l97o)  for  SaCl  in  a  state  of  plane  strain. 

Gross  and  Gut^iall  (1965'  also  observed  an  increase  in  the 
tract  ore  energy  of  KaCl  <iith  an  increase  in  F— center  ocmcentration. 
but  they  did  not  report  specimen  sizes.  Kiattacharya  and  Zwicker 
(1966^  ,  however,  measured  a  decrease  in  the  fracture  energy  of 
KCl  with  Co— 60  irradiation  at  30r*K,  and  an  increase  at  155*K. 

Their  ^>ecimens  were  relatively  thin.  •«1  am,  but  measured  fracture 
energies  were  0.155  J/m^  and  less,  much  aaller  than  those  deter¬ 
mined  in  this  study  for  the  same  size  specimens.  Mo  cn^lete 
explanation  for  the  differences  in  results  of  the  various  investi¬ 
gators  can  be  given  at  present.  It  ^ipears.  however,  that  the  way 
in  whicii  the  crack  front  interacts  \i.th  the  slip  planes  in  the 
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crystais  is  paraaount  Id  detexaminii^  fracture  toughness.  Normally, 
oi:ie  would  ejjpect  tbat  a  decrease  in  plastic  deformation  such  as 
occurs  i^ion  irradiation  or  doping  would  lead  to  lower  fracture 
energies,  since  less  strain  energy  is  used  up  in  plastic  flow. 
However,  it  ^^>ears  that  the  United  slip  syst^s  in  halides  may 
result  in  focusing  dislocations  at  the  crack  tip  such  that  they 
rid  crack  growth  and  reduce  fra^cture  energy.  In  this  case, 
ii^>eding  the  notion  of  these  dislocations,  e.g.,  by  irradiation 
of  doping,  would  incresise  the  fracture  energy.  Ahlquist  (1973) 
has  recently  shown  that  fracture  energy  increases  with  yield 
strength  for  severaLl  HaCl  structured  naterials.  He  has  shown 
this  is  in  reasonable  agreaient  with  the  theory  of  Cottrell  (1958 
of  nucleation  of  new  cracks  due  to  intersecting  slip  bands  at  the 
tip  or  ahead  of  the  nain  crack,  Ahlquist  (1973)  has  also  shown 
lie  authors'  data  is  in  reastxiable  agreenent  with  this  theory. 

Although  the  hi^  fracture  energy  of  polycrystalline  RCl 
could  be  due  to  the  nore  tortuous  crack  path,  pairt  oi'  this  increase 
nay  be  attrihuted  to  the  inpeding  of  dislocations  by  the  grain 
houndaries,  consistent  with  the  effects  found  in  single  crystals. 

5.  SOCAIOr  AHD  CgilCUJSIDaS 

The  forging  hehavicr  of  RCl  and  HCl-SrClj  crystals,  especially 
true  stress  levels  required  for  unconstrained  forgings,  shows 
that  scale—iqi  is  within  presejit  capabilities  of  available  presses, 
indeed,  even  constrained  forgings  involve  only  relatively  low  final 
true  stress  (■~€500  psi)  considering  the  strain  hardening  effects  of 


SrClj  additions.  Tboogli  Sr"*"  additic  ns  can  require  higher  forging 
tesiperatar'es  (300*c|  to  develop  a  polycrystalline  microstructure, 
these  do  not  present  significant  preblems.  Thus  the  technology  for 
forging  SCI  crystals  doped  %iritli  SrCla  or  other  divalent  cations  is 
readily  available.  In  fact,  in  view  of  the  observed  reduction  in 
grain  growth  with  Sr*^  additions,  these  divalent  doped  materials 
appear  raore  attractive  than  SCI  itself. 

The  enhanced  yield  strength  and  fracture  energies  of  poly- 
crystalline  in  contrast  to  single  crystal  KCl  are  inportant  factors 
in  use  of  KCl  for  optical  windows.  As  divalent  doping  raises  the 
fracture  energy  of  SCI  dystals,  similar  increases  might  be  expected 
in  the  fracture  energy  of  doped,  polycrystailline  KCl.  The  micro- 
structural  stability  of  press  forged  doped  RCl  with  anneals 

to  450*C  is  a  significant  inprovenaent  over  the  behavior  of  pure 
KCl.  These  and  the  fact  that  minor  additions  of  Sr+2  can  further 
raise  the  yield  strength  of  press  forged  Mil  are  seen  as  inportant 
additional  inprovements  on  polycrystalline  materials. 

Althoo^  yield  strengths  as  high  as  7500  psi  were  achieved  in 
these,  one  nust  consider  this  is  a  result  not  only  of  the  solid 
solution  and  possibly  texture,  but  also  of  the  residual  strain 
hardening  s 'rengthening  effects  related  to  Sr'’'^  additions.  This 
may  also  occur  in  any  alloyed  KCl  systems.  The  fact  tl  it  residual 
strain  hardening  can  be  minimised  by  either  increased  forging  or 
annealing  teo^peratnres  without  necessaurily  incurring  grain  growth 
is  also  an  important  consideration  in  forging  divalent  doped  KCl. 
Annealing  to  remove  residual  strains  also  allows  one  to  study  the 
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solid  solution  strengthening  of  Sr  or  other  additions.  These 
suggest  that  incorporation  of  -  5CX)  ppma  SrCl2  to  KCl  where  the 
single  crystal  yield  (~0q)  can  approach  2000  psi  can  result  in 
polycrystalline  material  with  a  yield  stress  of  well  over  the 
5500  psi  achieved  by  grain  boundary  and  solid  solution  strengthen¬ 
ing,  plus  the  possible  texture  effects,  in  KCl-20  ppma  SrCl2 
forgings. 

In  this  study  using  a  model  system  of  Sr  ^  doped  KCl,  crystals 
grown  by  the  "RAP"  Bridgeman  technique  have  not  only  inproved 
strength  but  lowered  total  optical  absorption  (<3xl0”'^cm”^)  at 
lO.Gpm.  Forgings  of  similar  undoped  KCl  have  low  total  absorption 
(~6xl0“^cm~^,  Davisson  (1973))  and  it  is  expected  that  the  stron¬ 
tium  doped  forgings  are  comparable.  Thus  these  materials  illustrate 
the  improvements  in  optical  and  mechanical  properties  that  can  be 
expected  in  press  forged  KCl  with  minor  divalenl  cation  additions. 
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TRUE  o-  psi 


Figure  1.  Stress-Strain  Behavior  for  KCi  Forgings. 

These  plots  for  two  <100>  unconstrained  (lower)  and 
three  <111>  constrained  (upper  plots)  forgings  do  not 
include  nonlinear  strain  hardening  during  forging  but 
are  representative  of  relative  differences  that  occur. 
Constrained  forging  of  crystals  longer  than  the  copper 
sleeve  (60  pjHna,  210  ®C)  demonstrate  yield  in  the 
copper  sleeve  ( second  yield  point) ,  not  in  the  crystal 
(initial  flow  stress),  dominates  forging  stresses. 
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Figure  3.  Effect  of  on  the 

Resolved  Shear  Stress 
of  KCl  Crystals. 

The  stress  is  resolved  for 
[110)<110>  slip,  and  the 
strontium  contents  are  as 
measured  in  these  RAP- 
Bridgman  grown  crystals. 
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Figure  4.  Annealing  Temperature 
Effects  on  Single 
Crystal  Yield  Stress. 

As-grown  crystals  were 
aiinealed  to  observe  precipi¬ 
tation  softening  effects  (upper 
graph)  while  recovery  (strain 
relief)  was  indicated  by  the 
loss  of  the  yield  stress  in¬ 
crease  caused  by  pre straining 
( lower  graph) . 
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Yield  Strength-Grain 
Size  for  Sr^^  Doped 
and  Pure  KCl. 


The  polycrystalline  bodies 
were  produced  by  press 
forging  <11 1>  RAP  Bridgman 
grown  Sr+2  doped  as  well  as 
commercially  available  <100> 
KCl  crystals. 
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Figure  6.  Ratio  of  As  Annealed  to 
As  Forged  Yield 
Strength  of  Press 
Forged  KCl. 

+2 

The  Sr  doped  forgings  from 
B  crystals  contain  >10  to 
<25  ppma  Sr"*"^.  Prior  to  any 
observed  grain  growth,  the 
grain  size  of  all  forgings 
was  5  to  Siam,  which  rapidly 
increased  to  >100|im  when  grain 
growth  occurred. 
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GROWTH,  FINISHING,  AND  OPTICAL  ABSORPTION 
OF  PURE  POTASSIUM  CHLORIDE  SINGLE  CRYSTALS* 
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Abstract 

Single  crystals  of  potassium  chloride,  2.  5  cm  in  diameter  and  4-II  cm  long, 
have  routinely  been  prepared  with  calorimetrically-determined  absorption  co¬ 
efficients  smaller  than  0.0002  cm  at  10.  f'  pm.  These  crystals  have  been 
grown  in  a  carbon-tetrachloride-saturated  atmosphere  by  the  Bridgman  method, 
using  an  adaptation  of  the  Reactive  Atmosphere  Process  introduced  by  R.  Pastor 
at  Hughes  Research  Laboratory.  Use  of  finishing  techniques  which  minimize 
abrasion  has  made  it  possible  to  prepare  ingots  with  measured  absorption  co¬ 
efficients  on  occasion  as  low  as  0.  00012-0.  00015  cm  .  (No  surface  correc¬ 
tions- -which  would  tend  to  decrease  the  value  obtained- -have  been  applied  to  the 
absorption  coefficients  reported  here.  )  Presumably,  the  special  finishing  tech¬ 
niques  avert  introduction  of  those  absorbing  centers  which  might  result  from 
cleaving  of  crystals.  Measurements  as  a  function  of  length  indicate  that  sur¬ 
face  absorption  is  small,  although  reproducible  values  are  difficult  tO  obtain  at 
such  low  total-absorption  levels.  On  the  basis  of  these  data,  coupled  with  ab¬ 
sorption  measurements  as  a  function  of  temperature,  it  is  believed  that  the  bulk 
10.  6  pm  absorption  in  the  ie  crystals  is  close  to  the  estimated  intrinsic  level 
(p  =  0.  00008  cm.'^. 


* 

Work  partially  supported  by  Advanced  Research  Projects  Agency  under  ARPA 
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1.  INTRODUCTION 


Theoretical  and  experimental  investigations  of  optical  distortion  in  c\v  high 
power  CO^  laser  windows  indicate  that  potassium  chloride  is  the  best  candidate 
material  available  at  this  time.  Here  the  oarameter  most  subject  to  uncertainty 
is  the  value  of  the  absorption  coefficient.  Since  the  reported  absorption  coeffi¬ 
cients  from  materials  from  different  sources  is  quite  variable  and  above  the 
estimated  intrinsic  limit,  it  appears  that  materials  developnient  is  capable  of 
substantial  improvements.  In  this  investigation,  the  growth,  finishing,  and 
infrared  absorption  of  pure  potassium  chloride  single  crystals  having  absorption 
coefficients  less  than  0.0002  cm  ^  is  described.  Furthermore,  the  difference 
between  the  measured  value  and  the  estimated  intrinsic  limit  of  0.  0008  cm 
’".dght  be  ascribed  to  surface  absorption,  i.  e.  ,  the  bulk  absorption  in  these 
c’-vs'^als  might  be  very  close  to  the  intrinsic  level. 

2.  CRYSTAL  GROWTH 

The  apparatus  used  at  the  Naval  Research  Laboratory  for  growth  of  single 
crystals  of  KCl  is  shown  schematically  in  Figure  1  and  photographically  in 
Figure  2.  The  equipment  is  an  adaptation  of  that  used  at  Hughes  Laboratory  by 
R.  Pastor  [Pastor  and  Braunstein  (1973)]  and  employs  the  "Reactive  Atmosphere 
Process"(RAP)  described  by  him.  This  procedure  is  a  variant  on  halogen- pur i- 
fication  of  alkali  halides,  whereby  the  nascent  halogen  is  derived  from  thermal 
cracking  of  carbon  tetrachloride  [Rosenberger  (1972)].  Displacement  of  OH  im¬ 
purities  from  the  salt  by  the  halogen  (as  well  as  some  transport  of  metallic  im¬ 
purities  in  the  flowing  gas)  is  believed  to  bo  the  means  whereby  the  KCl  is  puri¬ 
fied.  As  shown  in  Table  I,  10.6-micrometer  absorption  coefficients  in  the 
0.00015-0.00030  cm  ^  range  are  routinely  obtained. 

In  use,  the  Vycor  crucible  is  charged  with  finely-crystalline  KCl  (reagent- 
grade  Baker  and  Adamson,  J.T.  Baker,  or  "Suprapur"-grade  E.  Merck)  which 
has  been  dried  at  250°C.  After  purging  with  Ti-gettered,  CCl^- saturated  argon, 
the  furnace  is  heated  to  about  300°C  while  surrounding  the  crucible,  and  then 
elevated  after  about  an  hour.  When  the  charge  has  cooled,  the  furnace  is  again 
lowered,  and  another  thermal  cycle  carried  out.  The  pro  jess  is  repeated  at 
about  600°C.  It  is  believed  that  these  thermal  cycles  foster  mixing  of  the 
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Fig. 


1.  Schematic  diagram  of  system  used  for  Bridgman  growth  of  KCl  in  a 
reactive  atmosphere. 
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Two  Bridgman  furnaces,  suspended  by  chains  from  their  elevating 
mechanisms.  That  at  the  left  has  been  raised  to  show  the  position  of 
the  pKjinted  crucible  within  the  silica  envelope  prior  to  melting  of  the 
charge.  The  furnace  at  the  right  is  in  position  for  the  start  of  a  run. 


elbe  KCl  while  the  sdid  has  a  lar^  reactive  sarfacu"  areau 

o 

A^er  two  cr  ttvore  heati^  cycles  at  t>00  C.  the  fcraace  is  positioaed  around 
the  charge,  which  &ea  is  coelted.  A&er  three  boors  in  this  positioo.  the  fcmace 
is  raised  at  a  rate  of  aboiOt  fL  15  cm/h.  eveatually  reaching  the  posititM  shown  by 
the  dotted  owtliwe  iw  Ftfiore  L.  Vfce*  cool,  the  cnacible  is  lesiaoved  and  custom¬ 
arily  emptied  cf  the  facetted  crystal  it  csnally  cowtains  by  careiol  inversiocu  A 
crest  of  carboe  asKi  other  iropwriSies  is  removed  from  tbe  top  and  the  point  is  re¬ 
moved  from  the  bottom  fay  wse  cf  a  water-stri^  saw.  and  polishing  begun. 

3.  SURFACE  F1XE5HINC 

The  qeestaow  of  swrface  fim^ds^  in  altali  halides  is  recognized  to  be  one 
of  the  erweial  aspects  ia  the  etilizatiow  of  alkali  halides  as  laser  windows. 

Vhile  the  NRL  program  has  wot  bees  focesed  towards  the  surface  finishing  area, 
the  ftaishiag  aspects  are  irtimately  associated  writh  measurements  of  bulk  ab- 
sorptiew.  Is  the  cowrse  of  developing  good  surface  finishes  for  absorption 
measwremeats.  a  method  of  cherrical  polishing  has  been  developed  at  NRL 
(DavissoK  (19721}.  This  method  provides  scratch  free  surfaces  of  excellent 
quality.  Ia  the  past  year  low  loss  crystals  have  becoone  available  and  tbe  tech¬ 
nique  refined  fierther  to  show  that  these  finishing  techniqaes  introduce  little  or 
ao  absorption  at  the  swrface  as  well. 

&  has  beea  peisced  csvw  by  varioes  ixrestigators  that  finishing  procedures 
can  introduce  swrface  abscaptioa  (Dettsch  and  Rcsfko  (1972)]  and  bulk  absorption 
from  operatiows  swch  as  cleavage  {Pastor,  et  aL.  (1972)}.  Procedures  have  been 
developed  at  XRL  which  avoid  cleavage  or  o^ier  operaticos  winch  might  'ntroduce 
absorbing  ceefters.  There  are  variows  wrays  of  achievi:^  this  and  tbe  latest 
method  <3f  achieving  this  at  XRL  is  described  belovr: 

Ol  Sawing:  A  water-soaked  string  saw  (Sooth  Bay  TechaeJogy)  has  been 
fooad  to  be  switable. 

(2)  Grindi^:  Grinding  to  render  the  faces  plane  parallel  was  pM.*rforTned 
by  fajrid  esing  a  water  charged  Politex  *S^reme*'  polishing  poronieric  lap 
(Geoscience  hstrwztaesfs  Corp)  attached  to  a  glass  plate.  Tbe  lap  was  treated 
wi^  a  wetting  ageef  aerosol. 

(3)  Chemical  Polishing:  This  involves  iznmersios  of  tbe  crystal  in  con¬ 
centrated  hydrochloric  acid  for  30  minttes.  it  was  then  washed  with  a  jet  of 
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alc(^ol  and  dried  with  a  jet  o£  dry  air. 

It  shook!  be  emphasized  that  this  method  of  fisiskieg  is  relatively  simple. 
The  rcs.dts  to  be  discussed  shortly  suggest  that  there  is  still  some  residual 
surface  absorption.  The  reasons  for  this  are  tsot  corntdetely  clear.  Possibly 
there  is  still  some  residue  from  the  chemical  polishine  procedure  which  has 
not  been  completely  removed  in  the  washing  and  drying  procedure. 

4.  RESULTS 

The  results  of  the  growth  and  finishing  techniqoes  are  best  illustrated  in 
Table  I  in  which  the  absorption  coefHcients  of  various  KCl  ingots  are  shown. 
I'Vse  were  determinally  caloritnetrically  using  CO^  laser  ■oarces[Hass.  et  al. 
(1972)]. 

The  main  point  to  note  is  that  low  los..  crystals  can  be  readily  aad  re- 
prodttcibly  prepared  by  this  technique  in  the  diameters  and  lengths  indicated. 

At  NRL  some  difficulty  was  obtained  in  producing  longer  crystals,  bet  this 
might  very  well  be  due  to  limitatioos  in  the  length  of  the  oven. 

In  addition  to  the  pure  ingots  some  stronti am -doped  ingots  have  also  been 
produced.  The  absotptioQ  coefficients  of  these  are  also  shown  in  Table  1.  The 
important  thing  to  note  is  that  the  absorption  coefficients  od  these  lightly  doped 
s*tnple8  are  also  quite  low.  Dt  is  not  clear  what  the  difference  between  pure  and 
doped  materials  can  be  attriboted. 

The  above  absorption  coefficients  were  obtained  by  dividing  tise  fractional 
absorbed  as  <^>tained  from  a  calorimetry  measurement  ax>d  dividing  by  the 
length.  If  carried  out  correctly,  such  an  approach  gives  a  maximum  absorption 
coefficient  as  surface  absorptioo.  if  aey.  is  included.  As  noted  by  Deutsch 
[Deotsch  and  Rudko  (1972)]  measurements  as  a  function  of  lei^th  can  in  principle 
serve  to  separate  out  the  surface  and  bulk  absorption,  provided  no  additional 
bulk  absorption  is  introduced  in  processing  die  crystals. 

A  few  cases  have  been  studied  in  this  manner  and  an  example  is  shown  in 
Figure  3.  If  the  measurements  of  the  fractional  power  absorbed  as  a  function 
of  length  are  analysed,  then  a  bulk  absorption  of  aboi^  0.  00008  cm~^  and  a  frac¬ 
tional  surface  absorption  of  about  0.  00012/sarface  can  be  extracted.  If  this 
procedure  is  valid,  then  it  might  be  claimed  that  bulk  absorption  is  «k»wn  to  the 
level  predicted  by  the  exponential  law  [Deotsch  (19711.  J 
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TaUel.  Absorption  coefficient  at  10. 

6  |im  of  KCl  single 

crystals  grown  in 

argoa-CCl  ambieot  -  arranged  chronologically 

4 

Crystal 

Starting 

Optical 

10.  6-|iin  Absorption 

Number 

Vaterial 

Length 

Coefficient,  cm 

Remarks 

cm 

B2 

BfcA 

7.8 

0.  00015 

Crystal  measured  after 

1.5 

0.  00032 

cutting  away  parts 

B3 

BfcA 

7.4 

0.  00018 

m 

BfcA 

8.0 

0.  00024 

60  ppmA  SrCl^  in  melt 

B5 

B^A 

5.2 

0.  00025 

lOv)  ppmA  SrCl^  in  melt 

B6 

B&A 

5.1 

0.  00024 

10  ppmA  SrCl^  in  melt 

B7 

Xterck 

— 

— 

Crystal  not  measured 

B8 

NRl.  porif. 

— 

— 

Crystal  not  measured 

B9 

E.  Merck 

4.9 

0.00060 

BIO 

BleA 

4.6 

0.  00024 

BU 

B&A 

8.9 

0.  00018 

B12 

BAA 

4.9 

0.  00020 

B13 

BkA 

10.8 

0.  00015 

B14 

JT  Baker 

2.5 

0.00031 

BIS 

BkA 

4.5 

0.00014 

B16 

E.  Merck 

5.0 

0.  00016 

B17 

BfcA 

10.  0 

0.00012 

B20I 

Baker 

4.9 

0.  00038 

B301 

B&A 

4.5 

0.  00020 

B20Z 

BkA 

5.0 

0.  00016 

100  ppmA  SrCl^  in  melt 

B302 

BIcA 

5.0 

0.  00019 

B203 

BkA 

5.0 

0.  0005 

B303 

B&A 

8.0 

0.0006 

80  ppmA  SrCl^  in  melt 

B204 

BkA 

5.0 

0.  00016 

B304 

BkA 

4.0 

0.  00027 

200  ppmA  SrCl^  in  melt 

B205 

BkA 

5.  0 

0.00013 

B305 

BkA 

4.  0 

0.0005 

?.5  ppmA  SrCl^  in  melt 

B206 

BfcA 

5.0 

0.00020 

B305 

B206 


BfcA 


?.5  ppmA  SrCl^  in  melt 


i  M 


I 

i 

i 

Frg.  3.  Absorpdoim  coefficieolt  oif  a  lowloss  single  crystal  KCl  grown  at  NRL  as  \ 

a  ftnLact ‘om  off  leiagttSii,  A  baalk  absorption  coefficient  (P^  )  of  about 
(Qi,  0(0)008  can  be  extracted. 
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It  should  be  pointed  out  that  the  results  obtained  reported  in  Figure  3  have 
represented  several  attempts >  not  all  of  which  have  yielded  such  a  low  absorption 
coefficient.  Here  some  difficulty  was  experienced  in  obtaining  low  values  of  the 
surface  absorption.  On  some  days,  this  was  due  to  high  humidity  conditions. 

It  is  believed  some  improvements  are  still  possible  to  achieve  more  reproducible 
and  lower  absorbing  surfaces. 

In  considering  meas*  "-ements  of  this  nature,  possible  sources  of  error 
should  be  considered.  F.rst,  it  should  be  pointed  out  that  some  error  might 
have  entered  into  the  calorimetric  measurement.  Here  it  might  be  pointed  out 
that  calorimetry  is  really  only  valid  under  certain  conditions.  For  a  long  thin 
cylinder,  it  has  been  shown  both  experimentally  and  theoretically  that  measure¬ 
ment  of  the  surface  temperature  gives  a  valid  result  for  bulk  absorption  [White 
and  Midwinter  (1973)].  Where  the  thermal  conductivity  is  high,  geometric  con¬ 
siderations  can  be  relaxed  somewhat.  At  least  for  the  alkali  halides,  it  has 
been  shown  that  use  of  cube  shaped  samples  of  a  few  cm  length  will  not  cause 
any  drastic  errors  [Hass,  et  zuL.  (1972)]. 

In  order  to  demonstrate  intrinsic  absorption,  both  the  frequency  and  tem¬ 
perature  dependence  can  be  employed.  Measurements  of  the  frequency  depen¬ 
dence  near  10.  6  pm  are  being  carried  out  at  NRL  by  L.  Boyer  who  finds  evi¬ 
dence  of  a  band  at  9.  8  pm  even  in  the  better  samples.  It  is  not  yet  established 
whether  this  is  associa'ed  with  the  surface  or  the  bulk. 

The  temperature  dependence  of  the  absorption  has  been  reported  by 
Harrington  and  Hass  (1973).  Here  a  sample  having  an  absorption  coefficient  of 
0.  0002  cm”^  was  employed  (no  surface  correction).  The  temperature  depen¬ 
dence  did  increase  monotonically  from  room  temperature.  If  it  is  assumed 
that  the  temperature  dependence  of  the  intrinsic  absorption  is  different  from 
the  extrinsic  absorption,  the  results  suggest  the  absorption  was  largely  in¬ 
trinsic. 

In  conclusion,  it  has  been  shown  that  pure  KCl  ingots  can  be  reliably  grown, 
polished,  and  measured  with  absorption  coefficients  less  than  0.  0002  cm  .  In 
a  specimen  having  absorption  coefficients  as  low  as  0.  0001?  cm  ,  measure¬ 
ments  as  a  function  of  length  indicate  some  surface  contributions  so  that  the 
bulk  absorption  may  be  less  than  0.  0001  cm  which  is  close  to  the  intrinsic 
limit.  Evidence  based  upon  temperature  dependence  of  the  absorption  on  these 
crystals  support  this  contention. 
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TUNABLE  ABSORPTION  IN  KCl  NEAR  10.  6pm. 

Since  completion  of  the  above  manuscript,  some  preliminary  absorption 
measurements  as  a  function  of  frequency  have  been  carried  out  at  NRL  by  Larry 
L.  Boyer  using  a  tunable  CO^  laser.  A  discussion  of  these  results  is  given  here. 

The  wavelength  dependence  of  the  absorption  coefficient  (uncorrected  for 
surface  effects)  of  a  good  KCl  crystal  having  an  absorption  coefficient  of  about 
0.  0002  cm"^  near  10.  6  pm  is  shown  in  Fig.  4.  It  can  be  seen  that  there  is  an 
absorption  band  at  about  9.  8p  which  has  been  observed  elsewhere  in  surface 
absorption  and  emissivity  studies.  The  absorption  level  of  this  band  appears  to 
vary  more  strongly  from  point  to  point  and  from  sample  to  sample  than  does  the 
absorption  at  10.6pm.  At  preseu*’,  this  suggests  that  this  band  might  be  associ¬ 
ated  in  part  or  completely  with  some  surface  effect. 
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TEMPERATURE  DEPENDENCE 
OF  MULTIPHONON  ABSORPTION 
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Abstract 

Studies  of  the  temperature  dependence  of  absorption  of  laser  window  mater¬ 
ials  are  of  importance  in  distinguishing  between  intrinsic  and  extrinsic  absorp¬ 
tion  as  well  as  being  essential  in  evaluating  various  theoretical  calculations  of 
the  absorption.  The  absorption  coefficients  of  KCl,  NaCl,  and  Nal'  have  been 
measured  at  10.  6  pm  from  room  temperature  to  just  below  the  melting  point. 

For  NaF,  NaCl,  and  a  good  sample  of  KCl  (room  temperature  coefficient 
~  0.  0002  cm  ^),  the  absorption  increases  with  temperature  and  at  higher  tern- 

X 

peratures  can  be  represented  by  the  expression  T  ,  where  x  =  ].  6  for  NaF,  2.  3 
for  NaCl,  and  2.3  for  KCl.  For  samples  of  KCl  having  higher  room  temperature 
coefficients,  the  absorption  has  been  observed  to  be  approximately  independent 
of  temperature  or  even  decrease  with  temperature.  These  results  are  interpre¬ 
ted  as  indicative  of  near  intrinsic  behavior  for  NaF,  NaCl,  and  the  good  sample 
of  KCl.  For  the  higher  loss  KCl  samples,  impurity  or  defect  absorption 
appears  dominant.  The  temperature  dependence  of  the  intrinsic  absorption  can 
not  be  explained  by  use  of  simple  Bose- Einstein  populations  factors  which  has 
served  satisfactorily  for  semiconductors.  The  data  can  be  explained  by  more 
complete  theories  in  which  the  large  anharmonic  effects  of  alkali  halides  are 
taken  into  account. 

Supported  in  part  by  the  Advanced  Research  Projects  Agency  under  ARPA 
Order  No.  2031. 
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1.  INTRODUCTION 


Multiphonon  absorption  is  generally  believed  to  account  for  the  residual  ab¬ 
sorption  in  infrared  for  many  laser  window  materials,  especially  those  for  the 
10.6  pm  region.  Studies  of  the  frequency  and  temperature  dependence  of  the  ab¬ 
sorption  can  provide  a  means  for  distinguishing  between  intrinsic  and  extrinsic 
effects.  Since  the  absorption  coefficients  of  good  laser  window  materials  are 
very  low,  it  is  difficult  to  study  the  frequency  dependence  over  a  wide  wavelength 
range  at  this  time.  However,  using  calorimetric  absorption  techniques  with 
laser  sources,  it  is  possible  to  study  tie  temperature  dependence  of  the  abi  orp- 
tion  at  fixed  frequency.  Previous  investigations  of  multiphonon  absorption  In 
the  III-V  compounds  have  'hown  that  the  experimentally  observed  temperature 
dependences  at  fixed  frequency  could  be  explained  using  only  simple  Bose- 
Einstein  population  factors.  Initially,  it  was  thought  that  this  approach  could 
be  extended  to  the  alkali  halides.  The  experiments  reported  here  have  been 
stimulated  by  this  expectation. 

In  order  to  investigate  the  validity  of  the  approach,  studies  of  the  tempera¬ 
ture  dependence  of  the  absorption  of  NaF,  NaCl,  and  KCl  were  undertaken. 
Briefly,  the  results  have  shown  that  the  temperature  dependence  of  the  intrinsic 
absorption  of  these  materials  can  not  be  represented  by  use  of  simple  Bose- 
Einstein  population  factors.  As  a  result  of  this  work,  a  number  of  theoretical 
calculations  of  the  absorption  have  been  extended  in  order  to  obtain  agreement 
with  th»*  experimental  results.  It  appears  that  the  large  amount  of  anharmoni- 
city  in  the  alkali  halides  results  in  temperature  dependent  lattice  frequencies 
and  possibly  other  factors  which  preclude  use  of  simple  Bose- Einstein  factors. 

The  principal  results  of  this  work  have  been  reported  recently  in  the  litera¬ 
ture  [Harrington  and  Hass  (1973)]  and  will  not  be  repeated  here.  In  this  report, 
the  following  asp^^-ts  will  be  emphasized:  (1)  a  description  of  the  experimental 
arrangement;  (2)  experimental  results;  and  (3)  discussion  in  regards  to  the  laser 
window  program. 
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2.  EXPERIMENTAL  ARRANGEMENT 

The  determination  of  the  temperature  dependence  of  the  absorption  is  im¬ 
portant  because  it  provides  a  check  on  one  of  the  basic  assumptions  of  the 
theory.  If  simple  Bose  -  Einstein  population  factors  are  employed  to  predict 
the  temperature  dependence  of  the  absorption,  then  large  effects  can  be  expec¬ 
ted  in  the  high  temperature  region.  However,  the  experimental  determination 
of  such  absorption  coefficients  in  the  high  temperature  region  has  not  been 
reported  previously.  At  the  time  these  experiments  were  attempted,  it  was  not 
clear  whether  these  measurements  would  be  possible,  as  small  temperature 
differences  in  the  range  of  tenths  of  a  degree  are  measured.  However,  it  was 
found  that  laser  calorimetric  technitjues  can  be  modified  for  high  temperatures 
in  the  following  way. 

The  special  high  temperature  calorimeter,  constructed  for  measurements 
of  P  from  room  temperature  to  within  50°K  of  t.ie  sample's  melting  point,  con¬ 
sisted  of  a  horizontal  core  furnace  with  an  API  controller.  In  order  to  have  the 
good  thermal  stability  required  for  calorimetry,  the  sample  was  placed  in  a 
large  thermal  mass  (a  2"  o.  d.  x  1"  i.  d.  x  4"  stainless  steel  cylinder  with  four 
asbestos  support  screws  to  hold  the  sample),  which  was  in  turn  placed  inside  a 
stainless  steel  box  to  minimize  convection  currents.  This  entire  assembly  was 

then  loaded  into  the  furnace.  Using  this  arrangement,  it  was  possible  to  achieve 

o 

an  ambient  tem'.jerature  stable  to  within  half  a  degree  of  1000  K  or  to  within  a 

o 

few  tenths  of  a  degree  at  500  K. 

To  measure  the  small  change  in  temperature  produced  by  either  laser  or 
resistor  (see  below )  heating  at  elevated  temperatures,  it  was  necessary  to 
modify  our  usual  method  of  the rmolcouple  attachment.  In  this  case,  5  mil 
chromel-alumel  thermocouples  were  imbedded  in  a  small  hole  (No.  70)  drilled 
in  the  crystal.  Sauereisen  cement  was  used  to  maintain  good  thermal  contact 
between  the  crystal  and  thermocouple  at  high  temperatures.  The  reference 
junction  was  similarly  attached  to  the  thermal  mass. 

The  entire  experimental  setup  for  high  temperature  calorimetry  is  shown 
schematically  in  Fig.  1.  In  addition  to  the  calorimeter  described  above,  the 
setup  includes  our  standard  signal  detection  equipment;  a  Keitiiley  Model  149 
milli-microvoltmeter  and  HP  strip  chart  recorder  for  n.onitoring  the  differen¬ 
tial  temperature  changes  and  a  CRL  laser  power  meter.  The  absorption 


39 


High  temperature  calorimetry  system. 


coefficient  was  evaluated  from  the  heating  and  cooling  curve  using  the  "three- 

slope"  method  [Hass  and  Patten  (1972)]. 

Measurements  of  P  as  a  function  of  temperature  in  NaF  were  not  made 

- 1  o 

calor imetrically  because  of  the  high  valce  (0.6  cm  )  of  P  at  10.  6  pm  (300  K). 
Instead,  p  as  a  function  of  temperature  was  measured  optically  simply  by 
measuring  the  incident  and  transmitted  laser  power  with  the  power  meter. 

In  KCl,  NaCl,  and  NaF,  care  was  taken  to  insure  that  surface  degradation 
at  elevated  temperatures  was  minimized.  Since  all  measurements  were  made 
in  air,  surface  effects  at  the  highest  temperatures  could  be  a  problem.  Initially, 
the  crystals  were  chemically  polished.  In  the  process  of  data  taking,  the  tem¬ 
perature  would  occasionally  be  recycled  to  a  lower  value  and  P  remeasured  to 
check  for  surface  absorption.  In  many  cases  the  value  of  P  obtained  on  recycling 
was  less  than  the  original  value,  but  this  can  be  explained  in  terms  of  an  anneal¬ 
ing  out  of  absorbing  imperfection  centers.  In  any  case,  the  highest  temperature 
was  very  near  the  melting  point  and  at  that  point,  data  taking  was  terminated. 

As  a  means  of  checking  on  the  reliability  of  our  high  temperature  calori¬ 
metric  results,  we  replaced  laser  heating  with  electrical  heating  in  KCl  and 

measured  the  specific  heat,  C  ,  as  a  function  of  temperature.  Such  a  measure- 

P 

ment  of  C  and  comparison  against  accepted  values  would  provide  a  check  of  our 
P 

apparatus.  A  resistor,  fabricated  using  a  porcelain  core  and  3  mil  chromel 

wire,  was  imbedded  and  cemented  with  Sauereisen  into  a  KCl  crystal.  The 

results  of  C  as  a  function  of  temperature  are  given  in  Table  1.  It  can  be  seen 
P 

that,  while  the  agreement  is  not  as  good  as  one  would  desire,  the  measured 
values  are  not  so  different  from  the  accepted  values  so  as  to  lead  us  to  seriously 
doubt  the  validity  of  our  high  temperature  calorimetric  measurements. 


Table  1 


Specific  Heat  of  KCl  as  a  Function  of  Temperature 


T 

(°K) 

C 

Obse?ved 
(J/gr  .  °K) 

C 

Accented 
(J/gr  •  °K) 

298 

0.583 

0. 6835 

4'’0 

0.  690 

0.  736 

655 

0.  88 

0.  760 

3.  EXPERIMENTAL  RESULTS 


The  temperature  dependence  of  the  absorption  in  NaF,  and  NaCl,  and  KCl 
are  shown  in  Figs.  2-5.  For  NaF  and  NaCl.  the  absorption  increases  mono- 
tonically  with  temperature  and  is  believed  to  be  largely  intrinsic  in  origin.  The 
solid  curves  represent  that  predicted  simple  Dose- Kinstein  population  factors. 

For  KCl,  the  results  are  more  complicated.  For  this  compound,  ihe 
measurements  varied  from  sample  to  sample  as  s.Sown  in  Fig.  4.  In  some 
caset',  the  absorption  was  essentially  independent  of  temperature,  while  in  one 
sample  the  absorotion  appear  to  even  decrease  with  temperature,  possibly  due 
to  annealing  effef.ts.  In  the  best  sample  available  at  the  time  (from  Hughes 
Researcli  Laboratory),  the  results  above  500  K  did  indicate  a  large  temperature 
dependence  expected  for  intrinsic  absorption. 

Encouraged  by  this  result,  further  experiments  *’ere  undertaken.  The  in¬ 
creased  availability  of  low-loss  boules  grown  using  the  Hughes  approach  at  NRL 
[Uavisson  et  al.  (1973)]  coupled  with  improvements  in  cheir>ical  polishing  have 
led  to  the  preparation  of  a  crystal  having  a  lower  room  temperature  absorption 
coefficient  of  about  0.  0002  cm  \  where  no  surface  absorption  has  been  sub¬ 
tracted  out.  Such  a  sample  might  be  expected  to  display  a  large  temperature 
dependence  of  the  absorption  expected  from  theoretical  considerations.  The  ex¬ 
perimental  results  are  shown  in  Fig.  5.  It  can  be  seen  that  the  temperature 
dependence  of  this  sample  resembles  that  of  NaF  and  NaCl  in  being  essentially 

monotenic  even  near  room  temperature.  The  absorption  can  be  represented  as 

2.3  ...  ,  ’.8 

being  proportional  to  T  ,  which  io  slightly  higher  than  the  value  of  T  re¬ 
ported  for  the  Hughes  sample  at  high  temperatures.  The  differences  between 
the  Hughes  and  NRL  sample  might  be  very  well  associated  with  the  surface 
polishit^  procedure. 

4-  DISCUSSION 

Studies  of  the  temperature  dependence  of  the  multiphonon  absorption  are  of 
interest  in  the  following  areas  of  the  laser  window  program:  (1)  determination 
of  the  intrinsic  absorption  in  window  materials;  (2)  discrimination  between  in¬ 
trinsic  and  extrinsic  absorption. 


Fic.  3.  Tempentare  depeadeacc  ct  absorptMm  coefficiMt  for  NaCl.  The  solid 
lioe  is  the  temperotnre  depeodeoce  cslcolsted  osisg  Bose- Eiasteia 
popolation  factors. 


Fig.  4.  Temperature  dependence  of  absorption  coefficient  for  KCL.  The  open 
circles  are  data  from  Harshaw  KCl,  the  crosses  data  from  a  KCl 
sample  obtained  frfmi  Hughes  Research  Labs. ,  Malibu.  The  tempera 
ture  dependence  calculated  using  Bose- Einstein  population  factors. 


1 


aoo2 


aooi 


ui 

8  aooo5 

z 

o 


aooo2 


X  SAWIE  M  mu  _ 

A  SAmflR 
ROOM  TEMPaiATURE 
CALORINEIDt 


300  500  1000 

TEIflPERATURE  CK) 


Fig.  5.  Temperatare  dependence  of  absorption  coefficient  for  KCl  (grown  at 
NRLk).  The  solid  line  is  drawn  through  the  data  and  is  not  deduced 
froam  theory. 


4.  1  Determination  of  Intrinsic  Absorption 

The  determination  of  the  magnitude  of  the  intrinsic  absorption  at  the  laser 
frequencies  in  window  materials  is  of  considerable  interest  in  establishing  a 
goal  for  the  crystal  g'^ower.  In  selecting  an  estimate  for  the  intrinsic  absorp¬ 
tion,  reliance  has  been  placed  upon  the  experimental  observation  of  an  expr^nen- 
lial  dependence  of  the  absorption  as  a  function  of  frequi-ncy  on  the  high  fre¬ 
quency  side  of  the  absorption  band  in  many  materials.  By  extrapolation,  an 
estimate  of  the  absorption  coefficients  at  various  wavelengths  can  be  made, 
[Deutsch  (1971).  Although  there  is  no  evidence  at  present  to  cast  doubt  on  this 
procedure,  it  is  not  based  upon  any  rigorous  theoretical  justification.  Current 
theoretical  calculations  of  the  absorption  have  shown  that  a  frequency  behavior 
close  to  exjX)nential  cr.n  be  obtained,  but  these  are  still  based  upon  a  number  of 
approximations.  However,  the  ability  of  a  theoretical  calculation  to  predict 
correctly  both  the  frequency  and  temperature  dependence  places  somewhat  more 
confidence  in  the  resc'ts. 

A  discussion  of  the  various  theoretical  approaches  is  beyond  the  scope  of 
this  article.  It  is  worthwhile  to  note  that  considerable  progress  has  been  made 
in  the  past  few  years  in  the  calculation  of  the  multiphonon  absorption,  which  at 
first  sight  appears  to  be  an  extremely  difficult  higher  order  quantum  mechanical 
calculation.  Perhaps  the  simplest  approach  which  yields  relatively  good  agree¬ 
ment  (at  least  at  high  temperatures)  is  the  molecular  V'Orse  potential  model  of 
l/aradudin  and  Mills  (1973).  While  their  solution  is  classical,  it  has  been  shown 
by  Rosens tock  (1973)  that  a  quantum-mechanical  solution  can  also  be  obtained 
and  lattice  dynamics  introduced  using  the  Debye  approximation.  Solutions  of 
molecular  models  can  also  be  obtained  by  use  of  diagram  techniques  although  it 
becomes  complicated  in  higher  order.  A  more  comprehensive  quantum-mech¬ 
anical  approach  in  which  the  lattice  dynamics  is  introduced  using  the  central 
limit  approximation  has  been  carried  out  by  Sparks  and  Sham  (1973).  It  is  im¬ 
portant  to  note  that  there  are  some  important  differences  among  these  various 
approaches  which  remain  to  be  resolved.  More  extensive  measurements  of  the 
frequency  and  temperature  dependence  of  the  intrinsic  aosorption  should  be 
helpful  for  comparison  with  theory. 

4.2  Intrinsic  and  Impurity  Absorption 


Sased  upon  an  extrapolation  procedure,  an  intrinsic  absorption  limit  for 
KC3.  of  about  0.  00008  cm  ^  is  expected.  The  best  starting  material  employed 
in  tbis  investigation  had  a  room  temperature  absorption  coefficient  of  0.  0002cm  ^ 
where  no  a.ttempt  was  made  to  subtract  out  the  surface  absorpti''n.  In  this  low 
range,  slight  differences  in  surface  preparation  can  lead  to  relatively  large 
differences  in  ihe  absorption  coefficient.  Consequently,  the  value  of  0.  0002cm 
represents  an  upper  limit  on  the  intrinsic  absorption.  If  an  assumption  is  made 
that  the  extrinsic  and  intrinsic  components  have  different  temperature  depen¬ 
dences.  then  the  observed  temperature  dependence  curve  might  reflect  this. 

Inspection  of  tlis  curve  (Fig.  5  )  reveals  that  within  the  limit  of  accuracy  of 
the  measurements,  the  temperature  dependence  if  monotonically  increasing. 

This  suggests  that  the  absorption  has  a  significant  intrinsic  component.  More 
accurate  measurements  might  have  revealed  an  extrinsic  component.  In  addi¬ 
tion.  measurements  below  room  temperature  might  indicate  a  break  in  the  curve 
similar  to  that  observed  with  samples  of  poorer  quality. 

Measurements  of  the  frequency  dependence  of  the  absorption  should  also 
provide  an  indication  of  the  ratio  of  intrinsic  to  extrinsic  absorption.  Measure¬ 
ments  of  this  nature  on  high  purity  samples  are  now  being  carried  out  at  NRL 
using  tunable  lasers  and  using  the  spectral  emissivity  at  NELC. 
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TEMPERATURE  DEPENDENCE  OF  THE 
ABSORPTION  COEFFICIENT  OF 
SOME  WINDOW  MATERIAL  SAMPLES 

D.  L.  STIERWALT 
Electronic  Materials  Sciences 
Division 

Navcil  Electronics  Laboratory 
Center 

San  Diego,  CA  92152 
Abstract 

Spectral  emittance  was  measured  from  3  to  20  microns  on 
samples  of  sodium  fluoride,  sodium  chloride  and  potassium 
chloride  provided  by  the  Naval  Research  Laboratory.  Spec¬ 
tra  were  taken  at  77  196,  and  373K  for  each  sample.  Ab¬ 
sorption  coefficients  were  calculated  from  sample  thick¬ 
ness  and  emittance  data.  Curves  of  absorption  coeffi¬ 
cient  versus  wavelength  at  the  three  temperatures  will  be 
presented. 

Infrared  spectral  emittance  measurements  have  been  made 
on  a  variety  of  window  material  samples  at  several  temp¬ 
eratures  from  77  to  373K.  Absorption  coefficient  curves 
have  been  derived  from  the  data.  Some  of  the  results  will 
be  presented  here. 
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The  emittance  spectra  were  taken  over  the  3  to  20  mi- 

12  3 

cron  region  by  a  method  described  previously.  ’  ’  Figure 
1  presents  data  on  a  sample  of  sodium  fluoride  approximately 
23mm  thick  furnished  by  the  Naval  Research  Laboratory. 
Measurement  temperatures  were  77,  196,  273,  and  373K.  At 
wavelengths  longer  than  10  microns,  the  temperature  depend¬ 
ence  of  the  absorption  coefficient  is  about  what  one  would 
expect  from  two-phonon  emittance  bands.  At  short  wave¬ 
lengths,  the  absorption  appears  to  be  anomalous,  actually 
increasing  with  decreasing  temperature.  The  data  from  3.5 
to  5.5  microns  on  the  373K  curve  is  rather  uncertain  as  the 
signal  was  close  to  the  noise  level. 

Data  on  a  sample  of  potassium  chloride  grown  at  NHL 
(KCl-301)  is  shown  in  Figure  2.  Sample  thickness  was  45mm. 
Again  we  see  the  expected  temperature  dependence  at  long 
wavelengths  and  the  inverted  dependence  at  short  wave¬ 
lengths  . 

Similar  behavior  is  exhibited  by  the  zinc  selenide 
sample  of  Figure  3.  This  specimen  was  approximately  21mm 
in  thickness  from  a  boule  grown  by  Raytheon. 

The  sample  compartment  is  evacuated  by  an  ion  pump 
during  measurement.  The  373K  spectrum  is  run  first,  follow¬ 
ed  by  successively  lower  temperature  runs.  The  pressure 
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varies  from  about  10“^  Torr  at  373K  to  about  2  x  lO”®  Torr 
at  77K.  This  variation  suggests  the  possibility  that  some¬ 
thing  is  being  cryopuraped  onto  the  sample,  which  could 
account  for  the  increased  emittance  observed  at  the  lower 
temperatures.  The  thin  stainless  steel  sidewalls  of  the 
sample  holder  cool  much  more  quickly  than  the  sample,  so 
that  most  of  the  cryodeposits  should  be  collected  there. 
Repeated  spectra  taken  over  a  period  of  several  hours  do 
not  change  appreciably,  indicating  that  if  the  sample  sur¬ 
face  is  contaminated  by  cryopumping,  it  is  not  a  continuous 
process 
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MULTIPHONON  ABSORPTION  IN  ALKALI  MALIDFS: 
QUANTUM  TREATMFNT  OF  MORSF  TOTFNTIAL 


HERBERT  B.  ROSENSTOCK 
U.  S.  Naval  Research  Laboratory 
Washington,  D.  C.  20375 


Abstract 

With  a  view  towards  calculating  the  lattice  absorption  of  solids,  as  a  function 
of  frequency  and  temperature,  at  frequencies  much  higher  than  that  of  the  maxi¬ 
mum  lattice  frequency,  a  quantum  mechanical  calculation  is  given  of  the  absorp¬ 
tion  involving  vibrational  levels  of  a  Morse  ftotential  that  are  not  adjacent.  The 
thermal  average  is  then  taken,  and  the  nature  of  the  solid  simulated  by  a  summa¬ 
tion  over  a  Debye  spectrum.  Results  are  compared  with  experimental  results  on 
the  temperature  dependence  of  absorption  by  alkali  halides  at  10.6  microns. 


1.  INTI  QDUCTION 


Se  eral  workers  have  recently  tried  to  calculate  the  absorption  of  insulating 
solids  in  regions  of  the  infrared  that  would  require  the  combined  action  of  several 
phonons,  ^  i.  e.  absorption  of  photons  of  energy  5-7  times  that  of  the 

3.  4 

most  energetic  lattice  phonon.  Several  of  these  papers  ’  have  either  explicitly 
or  by  implication  used  the  "Einstein"  model  of  a  solid;  the  solid  is  treated  as  an 
assembly  of  identical  oscillators  ("diatomic  moleciil  es  "),  independent  but  in¬ 
trinsically  anharmonic.  In  this  model,  the  phonons  that  act  together  to  provide 
the  absorption  all  come  from  the  same  oscillator  (or  "diatomic  molecule"). 

While  it  is  realized  that  in  the  more  usual  model  of  a  solid  the  phonons  would 
come  from  different  oscillators  (where  "oscillators"  would  mean  the  normal 
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inodes  ot  tfce  lattice  is  tW  kamnoeic  approxinaatiaa.  coopted  to  each  odier  by  the 
aahannooicity  of  tbe  potestialslL  this  'Watoataic  inolecide'*  model  is  aooetbeless 
osed  as  aa  appecximatiost.  Each  treatmeat  obtaiaed.  either  explicitly  or  fay  im- 
plicatioa.  a  depeadeace  of  the  absorptioa  at  a  ghrea  (reqoeacy  oo  the  ten  - 

pe  ratnre.  with  a  the  ammher  of  phoaoas  repaired  to  achieve  the  process  energe¬ 
tically.  Most  simply,  this  is  shoara  to  be  jost  a  caase<iaeace  of  the  Bosoo  occa- 

patioa  amnfaers  obeyed  fay  phoaoas.^  ^  Ejqteriireatal  resalts^  have  revealed  a 

O  2 

modi  wekaer  temperatare  depeadeace  (T  to  T  for  absorptioa  at  10.  6  microa. 

where  a  for  alhali  halides  aoiJiil  have  to  be  at  least  S-71.  This  has  resulted  in 

8.  9 

additioaal  'heoretical  woih  to  modify  and  elaborate  earlier  results 

4  9 

Oae  of  the  earlier  approaches  *  provided  a  classical  treatmeat  of  absorp- 
tioa  fay  diaL'^mic  molecules  for  several  choices  of  aahannoauc  iateratomic  poten¬ 
tials.  IVrhapc  the  aoost  realisti.  of  dacse  potentials,  the  so-called  ”h'orse 

10 

Ifoteatial  is.  however,  exactly  solshle  ia  qoaatam  mechanics,  and  ae  there¬ 
fore  attempt  here  a  qaisln  iii  mechanical  calcolatiaa  of  ’^olsipfaoaoa'*  abeorptic>n 
^  a  Morse  potential,  in  the  hope  that  this  will  be  both  more  realistic  partico- 
larly  at  low  temperatares.  awd  simpler  and  more  traasparesdlia  avoidiae  the 
complex  statistical  argntnents  foat  the  classical  appraximatioo  entails  I. 

OTe  have  pat  foe  word  "'Wnftiidaoeoni*'  ia  qootatioa  narks  ia  the  last  seoteare. 
becanse  foe  phoaoa  roarcpt  does  not  really  appear  ia  oar  calcalatioa.  ''Ihctnoos " 
imply  eaergy  levels  that  are  cqoally  spaced.  aS  arise  in  a  stroctore  that  is 
treated  as  hairmaaic  ia  the  losrest  approodmatioe.  Ia  that  lowest  apfHoximation. 
ootside  radiatiaa  can  ptodace  traasititaas  factwcea  adjacent  energy  levels  ooly 
I "owe-phonaa  traasitinaT Tl  Aahannoaicity  is  ia  that  af^aoach  treated  by  per- 
torfaatioa  mefoods  and  aTlows  transitions  between  energy  levels  that  are  a.  t 
adjacent  f*  r  nnpliag.  betweea  foe  pboaoos*  or  '*\noltiphoes»o  traasitnoas*'}.  By 
contrast,  oor  potential  is  anfaarmoaic  from  foe  begiaaiag.  aad  cqoally  spaced 
eaergy  levels,  or  ’'phoaoas'*  appear  at  ao  point  Radiatioa  of  the  appropriate 
energy  can  then  iadace  traasifitias  betweea  any  pair  of  levels,  aad  all  are  ia 

» 

More  precisely,  ^e  ase  what  is  scene  times  called  '"scmiclassical  radiatioa 
theory**,  ia  which  foe  ahaorber  ia  treated  according  to  qnantam  mechanics, 
bat  the  light  as  a  Mavewllina  dectroenagaetic  wave.  <See.  e.  g.  L.  L  Schiff. 
Qaaatam  Merhannrn.  McGraw  HOI,  19SS.  Ch.  XL  No  ase  is  made  of 

secoad  qnaatisa2ioa  technnqaes.  The  snnne  approach  has  also  been  Bse<l  srifo 
the  Morse  poneMial  fo  Kef.  3. 


general  allowed;  the  main  proUcm  in  essence  is  the  calcdation  of  the  first  order 
orsatrix  elements  for  transitions  indoced  radiation  between  ener^v  levels  —  cot 
necessarily  adjacent  ones  -  that  are  separated  by  a  specified  energy  gap.  This 
was  done  long  ago.  and  is  set  down  in  Section  2.  The  temperature  dependence  of 
the  absorption  is  included  by  assigning  Boltzman  popdlatioc  factors  to  each  level 
(Section  3 ).  and  integration  over  the  lattice  frequencies  is  done  iu  Section  -9. 
Numerical  results  and  figures,  giving  the  absorption  as  a  function  of  both  light 
frequency  and  temperatures  are  obtained  in  Section  5. 

2.  MORSE  OSCr-LATOR  FORMULAS  -  TRANSITIONS  TO  NON- ADJACENT 
LEVELS 


The  empirical  potential  function 


V<o=  D[  I- 


(II 
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was  introduced  into  molecular  physics  by  Morse  for  three  reasons:  because 

it  reasonably  represents  the  potential  between  two  atoms  an  equilibrium  distance 

r  apart  (it  is  very  large  ai  r  =  O;  it  has  one  minimum- zero-at  r  =  r  ;  and  it 
^  o 

*Fpro»ch«s  a  finite  value  -  tfie  dissociation  energy  D  -  at  r  =  «»];  because  its 
Schrodinger  equation  can  be  solved  exactly:  and  because  it  leads  to  eigenvalues 
in  agreement  with  experiments  that  measure  the  spacing  of  adjacent  energy  levels 
in  molecules  (L  e.  one-phonon  absorption  experiments),  at  different  tempera¬ 
tures.  The  eigenvalues  are  found  to  be  finite  in  number. 


Etv.  ~  t  to  (  *'-  *  i J  -  (r  u>"l  ^  !  J 


(2) 


witii 


o)  ^  a 


(3) 


2v^  Planck's  constant. Levels  are  thus  seen  to 
•mall  n,  but  very  close  togetiier  as  the  dissc 
tion  limit  is  appi-oached.  The  wave  functions  are  also  known  ex|dicitly,  but 


ybc  the  reduced  mass,  and 
be  approximately  fe#  apart  for  small  n,  but  very  close  togetiier  as  the  dissocia- 
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will  Bot  be  written  down  here.  From  them,  one  can  coinpute  the  probability 
*  transition  from  level  m  to  level  n  caused  by  dipole  radiation,  and  hence 


also  the  absorption  coefficient  per  unit  length  in  an  assembly  of  Morse  oscilla- 

12 


tors.  This  can  be  written 

^  C 


c^fE^T  oj) 


(4 


with  N  ttie  number  of  oscillators  per  unit  volume,  c  the  speed  of  light,  n  the 
index  of  refraction,  \  the  polarization  index,  (  )  the  ratio  between  the 

effective  local  and  the  applied  field,  tlie  energy  of  the  incoming  light. 


V\' 


(5 


and  P  —  e  ,  summation  being  implied  over  all  states  m  and  n  that  satisfy 
t***  energy  conservation  requirement  expressed  by  the  delta  function.  Averag¬ 
ing  over  directions  in  a  cubic  lattice  results  in  the  subscript  being  converted 
into  a  factor  of  (1/31.  The  matrix  elements  have  been  evaluated  by  Scholz^ 
nsing  generaticg  functions  methods.  The  result  is 


with 


rl.  - 

f|(  -  J  •>»|  ^  1  ~  y^} 


(6 


K 


t  i 


(7 


for  n  ^  m,  and  ^Viwv  otherwise. 


-  lOi ' 

denotes  the  usual  binomial 


coefficient.  Perhaps  it  is  more  appealing  to  write 


4V  -  \'T1  -  A. 

since  for  most  applications  will  be  a  small  integer,  while  m,  n  themselves 
coidd  be  large  integers  at  elevated  temperatures.  Then  we  have  approximately 

,  1. 


(fi 


Tv 


(c. AJ 


specificaUy 


•  Tir  W'lrl 


X  -  r^^')  >)  ^)  / 1 V 


Thus  transitions  for  any  two  levels  A  apart  are  possible,  but  with  decreasing 
probability  proportional  to  (m/k)^  .  In  further  work,  we  shall  use  the 

correct  expression  f6)  rather  than  the  approximate  (9  h 

3.  TEMPERATURE  DEPENDENCE 


Absorption  of  a  photon  of  specified  energy  is  possible  if  and  only  if  the 
system  is  initially  in  a  state  that  differs  from  a  higher  lying  state  by  just  that 
energy.  The  probability  of  being  in  such  a  state  depends  on  the  temperature, 
and  consequently  the  probability  of  absorption  doe:^  also.  The  absorption  co¬ 
efficient  in  (4)  must  tiierefore  be  weighted  by  the  appropriat-  Boltzman  factor 


B..  '  ( 


The  normalixing  constant 


^  f-j 

r- 


(10) 


7_' 


7_ 


is  a  anally  called  the  partition  function.  As  usual,  we  have  written  ,<  »  -  u-  ^ 

I 

with  kg  Boltxmann's  constant.  Two  terms  appear  in  the  numera'.or  because  the 
probability  of  the  inverse  process  (emission  of  a  photon  as  the  system  goes 
from  state  m  +  A  to  state  m)  has  to  be  subtracted  f.  m  the  absorption  probability 


(as  the  system  goes  from  m  to  m  4  k  )  to  give  the  net  absorption  probability;  the 
matrix  elen.  at  r^  is.  as  we  have  seen,  the  same  for  the  two  processes.  Com¬ 


putation  of  the  partition  function  is  numerically  the  lengthiest  part  of  the  calcu¬ 
lation.  Depending  on  the  values  taken  on  by  E  ^  and  T.  it  can  be  done  either 
directly  or  by  die  use  of  die  Eoler-MacLaurin  summation  formula.  The  details 


have  recently  been  given  elsewhere. 
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4.  SUM  OVER  LATTICE  FREQUENCIES 


If  our  interest  were  indeed  in  an  ideal  gas  of  one  species  of  diatomic 
molecules,  then  the  evaluation  of  (4)  multiplied  by  (10)  and  summed  over  avail¬ 
able  states  for  photon  energies  E.  =  E  -E  would  give  our  final  result.  But, 
in  fact  we  are  discussing  the  diatomic  gas  only  as  a  model  for  an  anharmonic 
solid.  Restricting  ourselves  to  one  species  of  "molecule"  therefore  seems  ar¬ 
tificial;  to  be  somewhat  more  realistic,  we  want  to  take  account  of  the  fact  that 
the  lattice  frequencies  span  a  continuous  Lind  fro.n  0  to  a  fixed  A 

simple  way  of  simulating  this  is  to  integrate  the  result  of  Section  3,  which  con¬ 
tains  a  frequency  (^defined  in  terms  of  the  parameters  of  the  Morse  potential 
by  (3),  over  the  known  frequency  spectrum  of  the  lattice;  the  reader  may  think 
of  this  process  as  approximating  the  anharmonic  lattice  by  a  gas  of  independent 
diatomic  anharmonic  molecules  not  of  one  species  but  of  many  species,  the 
basic  frequencies  of  the  molecules  being  chosen  so  as  ‘n  match  the  kno'A'n  fre¬ 
quency  distribution  of  the  lattice. 

Though  plausible,  it  should  be  clear  that  this  process  is  also  somewhat 
artificial.  The  physical  basis  for  integrating  over  a  frequency  distribution  is 
the  known  theorem  that  the  system  of  coupled  harmonic  oscillators  can,  by  a 
canonical  transformation,  be  decomposed  into  a  system  of  uncoupled  harmonic 
oscillators  (each  wah  its  own  frequency  which  is,  in  principle,  known).  This 
theorem  does  not  apply  to  anharmonic  oscillators;  a  system  of  coupled  oscilla¬ 
tors  that  are  essentially  anharmonic  cannot  be  decomposed  into  a  system  of 
uncoupled  oscillators.  The  'conventional "  way  to  get  around  this  and  utilize 
the  theorem  after  all  is  to  begin  with  the  harmonic  approximation,  make  the 
decoupling  transformation,  and  then  consider  the  anhar monicity  as  a  perturba¬ 
tion,  That  approach  has  been  critized  -  cogently,  we  believe  -  as  invalid  for 
problems  that  are  essentially,  rather  than  just  slightly,  anharmonic^’  This 
is  therefore,  not  the  approach  of  the  present  paper.  We  have  instead  chosen 
to  start  by  approximating  the  system  by  an  assembly  of  oscillators  which  are 
essentially  anharmon.c  but,  for  simplicity,  uncoupled.  Consequently  our  sub¬ 
sequent  integration  over  "lattice"  frequencies,  which  derives  from  the  other 
approximation,  may  st  em  to  be  a  mixture  of  two  different  models.  Nonetheless, 
an  integration  over  the  known  lattice  frequencies  will  surely  provide  more 
realism  than  restriction  to  a  single  frequency  alone  would. 
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To  poTform  tliu  integration  oirer  fm<|uencies  we  use  the  Debye  approxima* 


3 


n 

•j 


otherwise 


os  poiat  oat  that  the  choice  of  this  particularly  siinple  frequency  distribution 
ia  not  necessary  to  carry  the  calculation  further.  A  more  realistic  distribution 
woold  allow  ns  to  proceed  almost  as  easily). 

The  fixed  ^  ^is chosen  to  fit  the  known  reststrahl  frequency.  The  dissocia- 
tioa  energy  D  is  held  constant  in  the  integration  -  a  simplification  that  is  justi- 
fis<l  by  the  fact  tiiat  fiissociation  of  a  mode  implies,  in  case  of  a  solid,  the 
breaking  at  some  bond  in  the  lattice;  the  energy  required  for  this  is  the  same 
for  each  mode,  for  eeery  node  imrolves  action  of  die  eery  same  bonds. 

The  absorption  from  soch  a  "lattice"  or  "assembly"  of  oscillators  is  then 


A-!  ' 


(12) 


The  integration  is  done  after  introducing  lA.  ■=:  ^  ,  the 

argument  oi  the  delta  function  in  (S)^  as  the  variable  of  integration.  The  final 
results  appears  in  the  form 


tst 


C  E.  H? 

C= 


(13) 


A-*(  »"•* 
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F  and  B  given  by  (7)  and  (10),  f  "f,  10 

A  Tfv-  ^  I -t  _  X  * 

is  the  solution  of  the  equation  Ey-.-i  ~  E  ff)  -  -  O 

(  <i-)-  The  final  double  sum  is  evaluated  numerically. 


fc  ^  J(  -  Co  ^  ^  c  , 


and  E  is  given 


5.  NUMEPJCAL  ESTIMATES 


Our  real  interest  is  in  alkali  halide  crystals,  but  the  model  is  that  of  a  gas 
of  individual  molecules.  There  is  some  question,  therefore,  whether  we  should 
evaluate  our  formulae  with  nu'ibers  appropriate  to  solid  alkali  halides,  or  to 


gaseous  ones.  We  chose  the  latter.  We  find^^ 

KCl 

NaCl 

r  (Angstroms) 

(eV) 

2.  76 

2.36 

.  0342 

1  >(f.V  1 

1 

1 

1 1  !•!  11  Mi:|«  ) 

HI.  1 

1  ».  0 

T/l  ("k) 

400 

',22 

(Angstronia » 

i.lS 

2.  H2 

n 

1.45 

1.41 

Here  T  =  T/t^f  0 

is  a  normalized  temperature 

. 

We  cilso  rememl^er 

that  at  room  temperature. 

k  is  about 

.  025  eV.  The  table  sho 

ft 

ws  that  the  spacing  T  f  ^ 

of  low  lying  levels  is 

about  that  energy,  but  that  the  dissociation  energy  D 

is  larger  by  a  factor  of  a 

hundred.  Excitation  of  lower  lying  excited  states  is 

therefore  quite  probable 

for  room  temperature;  to  perhaps  lOOv/  K  (the  region  for  which  data  are  avail¬ 
able  ),  but  excitation  beyond  the  bound  states  is  quite  improbable  at  such  tem¬ 
peratures.  Thus,  the  assumption  used  in  the  preceeding  section,  viz  that 

is  quite  appropriate. 

We  can  now  proceed  to  evaluate  (13  )  numerically.  Results  are  presented 
in  two  kinds  of  figures:  Figure  1  gives  absorption  as  a  function  of  photon  energy 
for  several  fixed  temperatures,  for  KCl.  Figure  2.  as  a  function  of  tempera¬ 
ture.  for  several  fixed  energies  for  KCl  and  NaCl.  Experimental  results  are 
also  shown  in  Figure  2,  Agreement  is  within 
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about  a  factor  of  3,  but  the  slope  seems  nearly  correct. 

At  low  temperatures,  Figure  1  shows  sharp  discontinuities  at  points  close 
to  integer  val  ,es  of  the  phonon  energy;  this  is  a  consequence  of  the  need  for  a 
transition  acorss  n  levels  (  ■  phonon  transitions")  when 

is  greater  than  n,  whereas  transitions  across  only  n-1  levels  which,  by  (9  ), 
are  much  more  probable,  suffice  for  Lg  ^  n.  At  higher  temperatures, 
the  higher  probability  of  initial  excited  states,  and  the  consequent  availability  of 
many  more  transitions  that  satisfy  the  energy  conservation  requirement,  smooths 
out  the  discontinuities.  It  is  interesting  that  similar  structure  appears  in  Ref. 

9,  though  it  is  based  on  a  wholly  classical  calculation. 

The  curves  on  the  log-log  scales  of  Figure  2  are  nearly  straight  lines, 

"T  ^ 

suggesting  that  the  power  law.  Of  ^  I  does  hold  approximately;  but  j  is 
appreciably  smaller  than  n-1  (viz.  about  4  for  =7,  and  about  2  for  = 
3.36,  the  normalized  energy  of  a  photon  of  wavelength  10.  6  microns).  Agree¬ 
ment  with  experiment  ;s  much  better  than  should  be  expected  from  the  crudity 
of  our  model. 

6.  SUMMARY 

The  formal  calculations  in  this  paper  have  been  reported  in  greater  detail 
13 

recently.  The  major  differences  between  that  and  the  present  worlt  are  two; 
we  have  now  dropped  the  restriction  to  "high"  temperatures  (kT  ^  '  ) 

Is  no  longer  r''qu'redj,  and  the  absorptio’,  coefficient  has  been  calculated  in  an 
absolute  scale  (in  cm  ^)  rather  than  on  an  arbitrary  scale.  We  have  approxi¬ 
mated  the  absorption  of  light  by  a  solid  in  spectral  regions  well  beyond  that  of 
the  energy  of  lattice  vibrations  by  a  quantum  mechanical  calculation  of  a  solv'-- 
able  anharmonic  (Morse)  potential.  The  virtue  of  the  calculation  is  the  com¬ 
plete  avoidance  of  the  harmonic  approximation  in  this  highly  anharmonic  situa¬ 
tion;  its  weakness  -  describing  a  solid  initially  by  an  assembly  of  diatomic 
molecules  -  is  somewhat  ameliorated  by  performing  a  sum  oyer  the  lattice 
frequencies  (approximated  by  a  Debye  spectrum)  in  the  end.  At  any  fixed  tem¬ 
perature,  the  absorption  vs.  frequency  curves  shows  discontinuities  at  the  fre¬ 
quencies  at  which  additional  "phonons"  are  needed  to  make  the  process  allowable 
energetically;  the  discontinuities  become  less  shtirp  as  temperature  goes  up, 
and  the  envelop  of  the  curve  is  always  roughly  exponential.  At  fixed  frequen- 


cies,  on  the  other  hand,  the  absorption  vs.  temperature  curves  approximately 
follow  a  power  law,  tX  ~  T  ,  with  j  appreciably  smaller  than  the  number  of 

phonons"  involved  in  the  process.  Agreement  with  experiment  is  reasonably 
good. 
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APPENDIX.  ANALOGOUS  EXPRESSIONS  FOR  THE  HARMONIC  OSCILLATOR 


We  should  compare  the  matrix  elements  (6),  (9)  with  the  well  known  result 
for  the  harmonic  oscillator. 


f  ^  r 

VI--I4  Vt/i 


-A) 


Since  k  a  turns  out  to  be  exactly  U)|t^  when  the  Morse  potential  (1)  is  ex¬ 
panded  about  its  minimum  to  determine  CJ  ,  this  is  in  exact  agreement  with  the 
first,  but  only  the  first  of  equations  (  9'):  i.  e.  in  the  harmonic  oscillator  case, 
only  transitions  between  adjacent  states  ("one  phonon  transitions")  can  be  in¬ 
duced  by  eiectric  dipole  radiation,  while  with  the  Morse  potential  transitions 
between  all  levels  are  allowed  (though  with  decreasing  probability  as  the  separa 
tion  between  levels  increases).  We  also  write  down  expressions  for  the  matrix 
elements  of  powers  of  x  (which  are  powers  of  r  =  x^  +  y^  +  z^): 

^  jt] F  vn  ^  ) 

'  (^--1  i 

-f-  -f  /y  (  ii,  ;i  jf/h  -+ 
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In  absorption  calculations,  these  matrix  elements  may  arise  in  two  ways:  when 
higher  order  multipole  radiation  is  considered,  or  when  the  harmonic  oscillator 
potential  is  perturbed  by  cubic  or  quartic  terms.  The  expressions  are  clearly 
reminescen»  of  (9)  but  still  have  the  property  of  vanishing  beyond  a  certain  - 
small  -  level  separation.  It  is  now  clear  that  the  rigorous  vanishing  of  most  of 
the  matrix  elements  is  an  artifact  introduced  by  beginning  with  the  harmonic 
oscillator  potential,  which  is  not  a  natural  start  if  one  intends  to  deal  with  high 
lying  levels,  with  anharmonicity  that  is  large  rather  than  a  perturbation,  or  with 
high  temperatures.  The  Vorse  potential,  in  which  anharmonicity  is  appears 
ab  initio  rather  than  as  a  perturbation,  is  a  potential  which  is  not  only  more 
natural  but  also  likely  to  provide  a  better  basis  as  a  starting  point. 

It  is  also  instructive  to  compare  our  partition  function  with  the  one  for  the 

harmonic  oscillator.  For  the  harmonic  oscillator,  the  E  are  equally  spaced, 

viz.  given  by  W  C ^  k  )  ,  i.  e.  by  (2)  without  the  quadratic  term,  Z 

(I  ~ 

sums  exactly  to  /  and  in  the  limit  of  small  P  (high  tempera¬ 

ture)  thus  approaches  (  cj  )*^  just  as  for  the  ’Vorse"  case.  However, 
more  importantly,  the  sum  must  also  be  taken  in  the  numerator  of  (10),  for 
energy  conservation  iSf  precisely  because  of  the  equal  spacing  of  energy  levelsi 
satisfied  for  all  levels  if  it  is  satisfied  for  vny  one  m.  Since  \  'L 
goes  as  “vv\  ,  the  sum  over  m  will  go  as  (  )  ,  or  (  )"  ^  in 

the  small'-p  limit.  Dividing  by  Z  then  shows  that  the  absorption  goes  as 

^  T  in  the  high  temperature  limit.  This  is  the 

"usual"  result  obtained  in  many  more  complicated  methods  but  basically  ana¬ 
logous  to  this  one,  and  is  quite  different  from  the  present  result  which  gives  a 
weaker  dependence  (see  figures). 

This  T^  ^  dependence  of  the  absorption  coefficient  in  any  approxima¬ 
tion  that  begins  with  the  harmonic  oscillator  can  also  be  derived  in  a  way  that  is, 
or  at  least  appears  to  be,  different,  by  using  in  the  language  of  second  quantiza¬ 
tion;  let  us  verbalize  this  briefly.  What  used  to  be  called  the  nth  excited  state  of 
the  harmonic  oscillator  is  now  referred  to  as  the  presence  of  n  phonons;  the 

quantity  |\j  ~  2^  7.  -  I  "J'' .  previously  the  mean 

* 

energy  of  the  system  at  temperature  T,  is  now  viewed  as  the  phonon  occupation 
number  of  system  (a)  (quantitatively  correctly,  if  phonons  obey  Bose- Einstein 
statistics).  If  i  systems  of  harmonic  oscillators  are  then  caused  to  interact 
by  some  perturbationi  such  as  an  incoming  photon),  the  probability  of  that 
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process  is 

r/‘' 

The  leading  term,  which  involves  i-1  of  the  N's,  will  again  go  as  ^  for 
high  temperature,  where  i,  analogous  to  A  in  the  preceding  paragraph, 
the  "number  of  phonons". 
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FIGURE  CAPTIONS 

Fig.  1.  Absorption  vs  photon  energy  at  various  temperatures,  for  KCl.  In 
each  case  the  phonon  energy  is  scaled  to  the  "fundamental"  or 
"reststrahl"  mode  (see  table  in  Sec.  5). 

Fig.  2.  Absorption  vs  temperature  for  various  phonon  energies,  for  KCl  and 
NaCl.  Data  points  from  reference  16. 
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ABSORPTION  COEFFICIENT  (cm’') 


ABSORPTION  COEFFICIENT  (cm"') 


ABSOI^TION  vs  TEMPERATURE 
Noa 


Ec  =2.6 
( 10.6  microns ) 


^^PEHDIX 


This  appendix  %ras  prepared  to  discuss  yield 
and  present  soae  farther  data  on  fracture  energy.  Tb-ii 
recent  Hyannis  Conference  on  I^ser  Hindow  Materials  indi¬ 
cated  soEie  concern  about  yield  stress  neasureBents  which 
are  discussed  here.  Further,  if  dislocations  are  a  factor 
in  degrading  optical  h^avior,  then  the  Bicroyield  stress, 
discussed  below,  oay  be  an  iii^>ortant  design  paraaeter. 

Yield  Stress  Behavior 

The  oacrosccpic  yield  stress,  i.e.,  the  point  of  the 
onset  of  gross  plastic  flow,  does  not  represent  the 
beginning  of  dislocation  aotion,  but  a  transition  in  dis¬ 
location  behavior.  Several  types  of  yield  stress  deter— 
wi  nation  give  siwi  lar  but  slightly  different  magnitudes 
of  this  stress  (=20^  total  difference  in  stress  level)  ; 
however,  results  are  consistent  within  each  aethod.  The 
proportional  linit  (used  in  this  work.  Fig.  l)  is  the 
first  detectable  Bacroscopic  d'  parture  froa  linear  elastic 
behavior,  cuid  the  lowest  value  of  yield  strength.  SoBe-> 
what  hi^er,  but  possibly  less  variable,  results  are 
obtained  by  a  linear  offset  sethod  (intersection  of  stress- 
strain  curve  %rith  a  line  parallel  to  the  elastic  region 
but  offset  ^  X  strain,  see  Grant  et  al  (1973)),  while 
an  xnteimediate  value  is  obtained  by  the  use  of  the  inter¬ 
section  of  a  linear  extrapolation  of  the  plastic  cxirve 
with  the  elastic  portion  of  the  stress-strain  diagraB 
(see  Readey  et  al  (1973)). 

In  single  crystals  and  highly  textured  polycrystalline 
raaterials,  the  yield  stress,  independent  of  the  isethod  used 
to  define  it,  depends  on  the  angles  between  the  stresi>  axis 
and  (l)  the  slip  plane  nocBal  (?)  and  (2)  the  slip  direc¬ 
tion  (•*►).  Such  variations  are  normalized  to  a  resolved 
^ear  stress  on  the  slip  system  for  a  given_body  by  the  use 
of  the  Schmid  factor  (cos  9  cos  4>  ) .  For  Cl0l)<l01>  slip 
in  the  same  KCl  crystal  having  a  constant  resolved  shear 
stress,  the  observed  yield  stress  decreases  in  the  order 
of  <111>,  <110>  to  <100>  for  the  applied  stress  axis; 

thus  yield  stresses  are  ooipared  noting  the  stress 
axis  or  the  resolved  shear  stress.  Other  factors  affect 
the  yield  stress  zis  well,  such  as  surface  perfection, 
strain  rate,  environnent,  etc. 
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As  noted,  isacrosct^ic  yield  occurs  well  after  the 
onset  of  dislocation  motion  and  represents  substantial 
motion  and  miltiplication  of  dislocations  in  the  form  of 
slip  oand  propagation.  This  precursor  dislocation 
^cti'^ity  below  the  laacro-yield  stress  causes  a  small 
aiao»mt  or  nonlii^cur  stress— strain  behavior,  and  its 
det«jction  is  very  dep^indent  on  the  sensitivity  of  the 
strain  saeasureaent  ^ganerally  <lO~^3  -  This  region 
between  true  elastic  ^■>ehavior  and  macroscopic  yield  is 
known  as  the  laicroyield  regime. 


Socae  of  the  approximations  of  the  microyield  stress 
are  when  tie  stress  ~l/2  the  macroyield  stress  (e.g.,  as 
observed  by  Iisura  (1972^  in  Fe-d^S  Si  crystals  and  Stokes 
(1962^  in  MgO  crystals),  or  that  the  microplastic  strain 
is  <lO~-*  (Lawley,  1968''  or  less  than  the  elastic  strain 
in  this  region  (Brown,  1968).  Using  Fig.  1,  where  the 
highest  i^croyield  siress  is  ~55O0  psi  and  assuming  the 
siacrojT.eld  stress  is  less  than  half  this,  the  elastic 
^rain,  thus  microplastic  strain  witliin  these  two  stresses, 
is  <7xlO~^.  Snail  microplastic  strains  are  further  sug¬ 
gested  by  the  agresaent  between  the  Young's  modulus  based 
on  the  ^ta  points  and  from  elastic  moduli  calculations 
(5.73x10®  psi).  awever,  the  effect  on  microplastic 
strain  on  the  optical  behavior  of  a  window  may  be  impor- 
bant.  If  so,  this  could  apply  to  any  window  material, 
as  Lawley  (1968)  suggests  the  time  microyield  stress  may 
be  in  the  irange  of  lO"5  times  the  shear  modulus  (e.g., 

<20  psi  for  KCl  crystals) .  At  present,  it  is  not  clear 
whether  alloyed  eui^or  polycrystalline  KCl  would  behave 
any  different. 

A  limited  stu^  of  microyield  in  the  KCl  window 
■aterials  will  be  carried  out  in  a  second  test  facility 
having  strain  neasureaent  apparatus  with  a  sensitivity 
of  2xlO~^  to  establish  microyield  effects.  This  would 
give  an  inprov^Bent  of  two  orders  of  magnitude  in  sen¬ 
sitivity  over  that  in  the  presently  used  apparatus  and 
allow  stress-strain  behavior  to  be  studied  well  within 
the  Bicroyield  region. 

Fracture  Energy 

The  fracture  strength  of  a  window  material  is  a  func¬ 
tion  of  the  energy  required  to  create  two  new  crack  sur¬ 
faces  by  nucleation  or  growth  of  inherent  flaws  under 
stress.  The  i^JOrtance  of  fracture  energy  in  limiting 
crack  propagation  was  shown  by  Loomis  cuid  Satio  (1973)  in 
observation  of  cleavage  crack  catas^ropic  propagation 
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through  a  siijgle  crystal  ECl  window  (low  fracture  energy) , 
%diile  cracks  propagated  short  distances  and  then  stopped  in 
P^^y^-^^ystalJijtte  ECl  (high  fracture  energy)  during  laser 
irrad^tion.  SimtLlar  results  have  been  shown  by  Becher 
and  Rice  (1973),  e.g..  Fig.  2  where  most  of  the  cracks 
propagated  sporadically,  advancing  only  when  sufficient 
slip  developed  within  the  strain  fields  f.t  the  crack  tip. 

Observations  by  Blaszuk  (1974)  further  emphasize  the 
role  of  slip  and  slow  crack  growth  in  failure  of  KCl  crys¬ 
tal  windows  under  10.6pin  irradiation.  He  is  using  <100> 
and  <111>  uncoated  windows,  4-1/4  to  5-1/4"  diameter  by 
5/8  to  1-1/4"  thick,  on  a  commercial  10  KW  laser  with  30 
torr  inside  pressure  and  a  2-3/4”  diameter  beam.  Under 
crossed  polars,  plastic  strain  fields  within  these  windows 
^e  observed  to  increase  in  intensity  and  the  window  bows 
inward  when  subjected  to  these  low  beam  intensities  and 
mild  operating  pressures.  Though  some  windows  can  be  re- 
polished  and  reused,  esgjerience  has  shown  that  after  a 
few ^ reconditionings,  window  life  is  questionable  because 
of  increased  probability  of  slow  crack  growth  during  sub¬ 
sequent  irradiation.  This  slow  crack  growth  can  even  occur 
after  the  window  is  renoved  and  placed  in  a  dessicator. 

Cracks  initiate  on  the  uiq>olished  periphery  of  the  windows 
where  stress  analysis  shows  the  tensile  stress  to  be 
ehh^ccd  by  a  factor  of  2-3.  Optical  polishing  of  the 
periphery  is  underway  and  radial  compression  to  limit  the 
edge ^ caracking  is  being  considered.  Under  these  present 
conditio]^,  the  operating  life-time  is  generally  limited 
by  plastic  deformation  and  slow  crack  growth,  but  one 

ECl  crystal  window,  I"  thick,  has  been  operating  in 
excess  of  50  hours. 

The  above  observations  indicate  that  plastic  deforma¬ 
tion  by  ilOl]<lOl>  slip  which  intersects  the  (lOO)  crack 
planes  assists  crack  growth.  Such  effects  have  been 
directly  observed  in  our  fracture  energy  tests,  showing 
that  limiting  plastic  defoliation  should  increase  the 
fracture  energy  to  propagate  cracks.  Our  most  recent  studies 
have  shown  that  the  cleavage  fractiire  energy  (yf)  of  single 
crystal  and  polycrystalline  ECl  increases  with  the  resolved 
shear  stress  for  slip  as  follows: 


where  A  =  2xl0~5affl  for  ECl  and  ~lxlO~^cm  for  NaCl. 


Further  fracture  energy  studies  will  incorporate  KCl 
crystals  and  forgings  having  a  wider  range  of  yield  stresses 
to  determine  if  fracture  topography  (i.e.,  crack  deflection 
at  grain  boundaries)  enhances  the  polycrystalline  fracture 
energy.  Also,  the  effects  of  residual  processing  strains  on 
the  fracture  energy  of  polycrystalline  KCl  will  be  investi¬ 
gated. 
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strain  Patterns  and  Crack  Propa>iation 
KCl  During  Irradiation. 


Upper  figures  show  the  strain  fields  developed  and 
slow  crack  growth  with  increasing  irradiation  time 
(left  to  right  .  Note  position  of  cracks  at  center 
lying  in  NE  direction.  Lower  figure  shows  details 
of  cracks  and  associated  crack  tip  plastic  strain 
fields. 


